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Abstract

Inter-regional electricity flows have mitigated the mismatch between electricity
generation and demand. However, not only environmental impact transfers but also
economic benefits are embodied in electricity flows. Whether electricity flows affect
the equity of regional economic-environmental sustainability, the exploration is not suf-
ficient. In this paper, a multi-model framework has developed to trace the transfers of
electricity environmental impacts (measured by metal-water-carbon) and economic
benefits (measured by valued added) and the degree of equity in the economic—envi-
ronmental sustainability embodied in electricity flows of China. The results reveal sig-
nificant asymmetry between where the electricity metal-water-carbon and the electric-
ity value added embodied in electricity flows are transferred. In total, 15.0%, 17.4%
and 13.1% of consumption-based electricity metal-water-carbon were outsourced
through the electricity flow network, respectively, while only 9.3% of consumption-
based electricity value added was outsourced. Wealthier provinces (e.g., Beijing and
Guangdong) outsourced a large share of electricity metal-water-carbon to other prov-
inces through the electricity flow network but retained a large share of electricity value
added. The REI index between the electricity metal-water-carbon and the electricity
value added indicates that money and environmental impacts flowing in the opposite
directions have higher inequity. Some provinces, including Shaanxi (the highest REI
value at 2.02 was observed for Shaanxi-Gansu), have gained economic benefits from
electricity flows, exploiting the advantages of their electricity structures. This study of-
fers insights into helping policymakers better address the potential environmental and
economic implications of electricity flows to ensure the sustainable growth of electric-

ity production and consumption.



1. Introduction
1.1 Motivation

Due to issues such as energy crisis, air pollution and climate change, the energy
systems have faced enormous challenges [1, 2]. Electrification will play a critical role
in decarbonizing energy systems and as a central strategy for emissions mitigation pol-
icies [3-5]. While end-use electrification reduces emissions from the downstream de-
mand sectors, it often results in soaring electricity demand and a greater need for elec-
tricity generation [6-10]. The spatial separation between electricity production and con-
sumption thus requires electricity flow among different regions to guarantee power sup-
ply security [11-13]. Inter-regional electricity flow via an electric grid changes the im-
balanced spatial distribution of the power industry and sorts electricity demands [14].
However, it also leads to the separation of environmental impacts of upstream power
generation from downstream electricity demand [15]. Exploring embodied environ-
mental impacts in electricity flows reveals the environmental externalities between sep-
arated electricity production and consumption [16-18]. Combining environmental foot-
print analysis with network properties provides important insights into the embodied
electricity environmental impacts in inter-regional electricity flows [19].

In addition to environmental impact asymmetries, asymmetric transfers of the eco-
nomic gains embodied in inter-regional electricity flows are neglected [20]. Exporting
electricity also stimulates economic growth in power generating regions. Power pro-
ducers have gained economic welfare along with the negative environmental impacts
from increased electricity production. Considering only the environmental impacts but
neglecting the economic gain will not fully reveal the disparity in the distribution of
economic—environmental externalities caused by electricity flows [21]. Whether elec-
tricity flows hamper economic—environmental equity by shifting the environmental

burden to poor regions should be further explored [22, 23].

1.2 Literature review



Numerous studies have focused on the environmental impacts of power generation
as a key sector in climate-change mitigation [24]. Existing studies have quantified car-
bon emissions, air pollutions, water, and metal use in the power sector at the global and
regional scales [25, 26]. In China, some representative studies, such as one by Liao et
al. [27], have estimated water consumption associated with China’s thermoelectric
power generation and showed that 4.64 bn m?® of national surface water was consumed
in 2014. They also investigated historical changes in water use by China’s thermal
power sector at the regional scale [28]. Wei et al. [29] analysed the greenhouse gas
emissions resulting from the construction of China’s power transmission infrastructure,
and they found that cumulative embodied GHG emissions reached 0.89 GtCOz-equiv-
alent in 2017. Li et al. [30] investigated the material stocks and flows of the power
infrastructure developed in China and found that material stocks increased to 573 Mt in
2018.

The aforementioned studies have contributed profoundly to the understanding of
the environmental impacts of upstream power generation and infrastructure. Meanwhile,
a growing number of studies have explored the separation of environmental impacts in
upstream power generation from downstream electricity demand. They have mainly
focused on the embodied carbon and water of electricity transfers (or called ‘electricity
purchased’) [31]. Because of the simplicity of proposed hypotheses, some studies have
applied a direct trade-adjustment approach. This approach assumes that all electricity
imports are consumed in conjunction with all electricity exports originating from the
exporter’s electricity generation. Based on this assumption, Song et al. [32] calculated
the emission factors of electricity purchased in China. Lindner et al. [33] adopted the
same hypothesis to calculate the electricity-derived CO> emissions from the perspec-
tives of production and consumption. Jin et al. [11] and Zhu et al. [34] quantified virtual
water transfers via power transmission in China. Being aware of the limitations of the
direct trade-adjustment approach, Qu et al. [15] revealed that it leads to inaccurate re-

sults, as it ignores inter-regional transmissions across the electricity grid. They proposed



a network approach that considers the indirect imports and exports of electricity, to
evaluate the CO> emissions embodied in inter-provincial electricity transmissions in
China [31, 35]. Other Studies have evaluated the embodied water and carbon associated
with electricity transfers in China using fixed methodological applications in network
analysis [35-37]. Zhang et al. [36] constructed a node-flow model of inter-provincial
electricity flows to estimate the virtual water embodied in an electricity flow network.
They revealed that the total inter-provincial virtual water embodied in electricity flows
in 2011 was 623 million m? [36]. Zhang et al. [14] described the interprovincial virtual
water transfer in an electricity-trade network. Liao et al. [38] estimated water use in
electricity-exporting provinces as well as water saving in the receiving provinces. They
highlighted that electricity transmissions generated the co-benefit of saving 20.1 billion
m?> of water nationally in China in 2014 [38]. Wang et al. [37] explored the relative
contributions to changes in GHG emissions of inter-regional electricity grids in China
during 2008-2015 using the network approach.

In addition to the embodied environmental impacts of electricity flows, the elec-
tricity flows provide economic gains. However, few studies have focused on the transfer
of economic gains associated with environmental impacts. Empirical studies on the the-
oretical notion of ecologically unequal exchange (EUE) and the newly developed global
value chain analysis of trade in value added (TiVA) provide methodological feasibility
for addressing this issue [39]. The theory of EUE proposes wealthier developed regions
are more likely to gain access to resources that are relevant to achieving economic
growth, and that these resources are more highly compensated than those in poor re-
gions [22]. A range of case studies have provided empirical evidence for the presence
of EUE in fields such as carbon emissions and air pollution [40]. A study by Prell et al.
[41] highlighted that core countries with higher volumes of exports increase their share
of global economic wealth faster than their share of environmental pollution. Another
term, TiVA, which is also called the “value-added footprint” and proposed in the multi-

regional input-output analysis (MRIO) framework, accounts for the monetary value



added embodied in the trade of global goods [42-44]. Studies on TiVA have clearly
captured cross-border value-added flows and explored how one country’s value added
is absorbed by another country’s final demand [45]. Yu et al. [46] assessed the unequal
exchange between China and the rest of the world using the value added and four envi-
ronmental indicators, based on the global MRIO model. Zhao et al. [47] found that
exports contributed 55-62% of Beijing-Tianjin-Hebei’s air pollution emissions but ac-
counted for 54% of its value added. Zhang et al. [48] traced the valued added and air
pollution emissions in China’s domestic supply chains. These studies on the coupling
of the TiVA with EUE provide a front view for exploring the economic gains and envi-

ronmental impacts of electricity flows.

1.3 Contributions

Based on the mentioned literatures, several gaps have been identified and are listed
as follows:

1. Although some studies have focused on the separation of environmental impacts
of upstream power generation from downstream electricity demand, there is a lack of
exploration of economic gains transferred through inter-regional electricity flows.

2. Whether electricity flows hamper regional economic—environmental equity re-
mains unclear. Which regions benefit from the electricity flows, and what are the mech-
anisms of equity in the electricity flows?

To fill this gap and explore whether electricity flows hamper regional economic—
environmental equity, this study investigates the environmental impacts and economic
benefits embodied in electricity flows in China at the provincial scale in 2015. To the
best of our knowledge, this was the first analysis of the regional economic-environmen-
tal equity embodied in electricity flows. Deepening the reform in the power sector and
transforming to decarbonized electricity has become a major task given the coal-fired
power-dominated electricity mix in China [49, 50]. Decarbonized electricity requires

the expansion of renewable power capacity, especially wind power and solar power



technologies [51, 52]. Some studies have pointed out that renewable power systems
could reduce carbon emissions, but there are other unknown resource and environment
risks [26, 53, 54]. Thus, we chose metal use, water use and CO> emissions to character-
ize the environmental impacts of China’s power system. This study uses the term “elec-
tricity metal-water-carbon” to represent these environmental impacts.

In the developed framework, firstly, D-MFA (Dynamic material flow analysis)
model, water use accounting model and CO; emissions accounting model were ex-
panded and built to quantify the electricity metal-water-carbon impacts of power gen-
eration in China. Thereafter, referring to TiVA and EUE theory, an electricity flow net-
work model is constructed and highlighted the economic gain and environmental im-
pacts embodied in China’s electricity flows. Based on the multi-model assessment, a
comprehensive exploration of the economic and environmental behaviours of China’s
interprovincial electricity flows could clarify the equity existing in electricity produc-
tion and consumption. Moreover, coupling electricity flows, environmental flows, and
value flows and understanding hidden economic—environmental mechanisms could
help provide further suggestions for power policies and power compensation mecha-

nisms.



2. Methodology
2.1 Electricity metal-water-carbon of power generation

This study first uses dynamic material flow analysis, the water use accounting
model and the CO; emissions accounting model to calculate the metal demand, water
use and CO emissions of power generation in 31 provinces in China. The results of
these models were used as input parameters for subsequent models. Accordingly, the
results are expressed as electricity metal-water-carbon power generation throughout
this study to characterize the environmental impacts of electricity systems.

Dynamic material flow analysis (D-MFA) accounts for the flows and stocks of
metal resources within system boundaries defined in a specific space and time [55].
Specifically, the D-MFA model is adopted to estimate three key parameters of power
installed capacity: stocks, inflows and outflows, which represent the accumulation,
newly added and retired demolished power installed capacity, respectively [26]. By
simulating the three key parameters of power installed capacity, metal demand for

power generation can be quantified. The function model of D-MFA is shown as [26]:
1™ ()=K™t)-K™({t-1)+0™ ) (1)

where m denotes the metal resources, and t refers to the year; I™ is the inflows of
metal, K™ is the stock of metal and O™ is the outflow of metal. Assuming that all
inflows depreciate, the model is a convolution [55]:

KOM =Y F - x 1] @
x=%

where the stock K™(t) is the sum of the remaining fractions of past inflow vintages
X, from the initial time step to to the simulated time t. The remaining fraction of each
past inflow vintage was calculated using the probability lifetime distribution F™. In
this study, a normal distribution function was used to determine the lifetime distribution

and the corresponding survival function [30].

The water use accounting model was used in this study to account for the water



use in power generation [27, 56]. Water use in power generation can be quantified ac-

cording to the equation below [27]:

W=>ExR (3

where W is the total water use; i represents the type of power generation; P; denotes
the power production of generation type i; and E; is the power production’s water in-
tensity. Thermal power water intensities vary primarily by cooling technology [57].
This study distinguishes three cooling technologies for thermal power: air cooling,
once-through cooling and recirculating cooling [58]. In addition, considering that the
gas thermal power capacity is smaller than the coal thermal power capacity and limited
in specific regions, this study assumes that gas thermal power has the same water use
intensity as coal thermal power [28]. In terms of renewable energy power generation,
water use intensities are subject to many methodological disputes and uncertainties [59].
Thus, this study uses the water use intensity applied in the previous literature [60, 61].
In addition, the same amount of water use has much greater impacts in water-scarce
regions than in water-abundant regions [38, 62]. Water use is adjusted to scarcity-ad-
justed water use by multiplying it by the Water Stress Index (WSI) [63].

CO; emissions from power generation were estimated by applying the CO» emis-
sions accounting model. In this study, renewable energy power generation was deemed
a noncarbon emissions source. Thus, this study only considers the direct CO; emissions
from thermal power generation, and they are based on the methodology proposed by

the IPCC [64]:
Feo, :Zci XxEFE xQ;xM;  (4)
i=1

where Fcoz denotes CO2 emissions; subscript 1 represents the energy consumption
type; Ci is the energy consumption of fuel type i; EF; is the carbon emissions factor of
fuel type 1; O;j is the oxidation rate of fuel type 1; and M; is the molecular weight ratio

of carbon dioxide to carbon [65, 66].



2.2 Constructing the electricity flow network model

Zhang et al. used a node-flow model to depict China’s power system and the virtual
water transfers embodied in interprovincial electricity transmission [36]. This study
adapts their methodology and apply it to describe the electricity flow network, in which
each province is characterized as a node, and interprovincial electricity transmissions
are characterized as flows. The electricity inflows and outflows for each node are bal-

anced through interprovincial electricity transmissions, which can be expressed as [36]:
n n
X = pi+ZjS :Ci+ZQij &)
j=1 j=1

where i and j are nodes representing province i and province j; x; is the total electricity
of node i; p; is the total electricity generated within province i by domestic power
plants; ¢; is the total electricity consumed in province i by all end-users; and Q;; is
the electricity flow from node i to node j. Assuming there are N nodes in the electricity
flow network, 1 XN vectors X, P and C represent the total electricity, electricity gener-
ation and electricity consumption, respectively. Let N XN matrix Q represent the elec-

tricity flows in the electricity flow network; thus, Q can be expressed as [36]:

| 0 Q12 an |
21 0 2n
Q - Q . . Q:
in t Qn(n—l) 0

- - (6

Qu et al. proposed a quasi-input-output model to calculate the virtual carbon flows
embodied in interprovincial electricity transmission based on the Ghosh form [35]. In
this study, a Leontief-Quasi-Input-Output model is used to describe the virtual flows
embodied in an interprovincial electricity flow network. Using matrix notation, Equa-
tion (1) can be written as [37]:
X=Q+C=AX+C (7)

where A is defined as the direct inflow coefficient matrix and can be expressed as [37]:

A=QX™ (8)
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in which element Aj; represents the share rate of the electricity flow from node j to node
1 in the total electricity flow of node i. Thus, equation (3) can be written as [37]:
X=(1-A7C (9

where I is the identity matrix, and L = (I — A)™?! is the total inflow coefficient matrix
of the electricity flow network.
The embodied environmental impacts in the electricity flow network can be calculated
by [37]:

EC =X -A)"C (10
where &X is the environmental intensity of the total electricity. In this study, &X refers

to the metal-water-carbon intensity of the total electricity.

2.3 Electricity metal-water-carbon and economic gain transfers

The REI index (Regional environmental inequality index) has been employed in
some EUE studies to evaluate unequal transfers between environmental impacts and
value added associated with interprovincial or inter-regional trade [48, 67]. In this study,
the “electricity REI index” is also employed to evaluate unequal transfers between elec-
tricity metal-water-carbon and economic welfare transfers. Based on the TiVA frame-
works, this study needs to first calculate the transfers of electricity value added embod-

ied in the electricity flow network [48]:

Ve =dS(1-A*Ct 1)
VR =dR(1-A)'C® (12
V& =V -V (13)
where d® and d° represent the diagonal matrixes of the electricity value-added in-

tensities of region R and region S, respectively, with zeros for all other regions. VZ°

represents the electricity value added of region S driven by the electricity demand of

region R. V. represents the net flows of electricity value added between region R
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and region S. If V.5, >0, then electricity value-added flows from region R to region

S. If V5, <0, then electricity value-added flows from region S to region R. Similarly,

EZ®.. represents the net flows of electricity metal-water-carbon between region R and

region S.
Assuming that there is an N XN matrix W, , and normalizing all elements of W

to range from 0~1 [48]:

f(w)=——mn (1)

Winax — Whnin

Where w4, and wy,;, represent the maximum and minimum values of W, respec-
tively. Therefore, the REI matrix of electricity metal-water-carbon and electricity value

added REIRS can be obtained [48]:

FEE Nt/ VENe)r IfEENe > 0 andViBye >0

REIRS = { , (15)
f(ngNet) + f(VCRENet) + 1: leCRfNet >0 andVCRfNet <0

E&Net/VESNet—a RS RS
S vet/Veone .
T JAfEC Ner > 0 andVi2yer > 0

REIRS = (16)

ngNet_HZ |VCR—SNet|_n3 - RS RS
+ + 1, ifEC2Ner > 0andViZyee <0
Nz—nz N3—n3

RS

where ’VC‘N“

represents the absolute value of V. ni, n2 and n3 are the minimum

RS
Net and C—Net

ERS /V RS ERS
values of TC-Net® "C-Net = —C- , respectively. Ni, N> and N3 are the

E RS
, respectively. When —C-Net

RS
. ERS  J\/RS ERS ‘V S
maximum values of —C-Net’ YC-Net =~ =C-Net gpd | C-Net

RS
and Ve e are both positive, which means that both electricity metal-water-carbon and

electricity value added are outsourced from region R to region S, the ratio of

E RS /V RS E RS V RS
C-Net © "C-Net g normalized to O~1. When —C-Net js positive but "C-Net is negative,

electricity metal-water-carbon is outsourced from region R to region S, but region R

RS
gains electricity value added from region S. This study normalizes both Ec N and

RS
Ve e and sum them in addition to adding 1 to the values.
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2.4 Data sources

The data necessary for this analysis are of two types: electricity data and socio-
economic—environmental target data (i.e., electricity metal-water-carbon data and
value-added data). The analysis time is set at 2015. The first type of electricity data
exists in three different forms: electricity generation data at the provincial level, elec-
tricity consumption data at the provincial level, and inter-grid electricity transmission
data. The China Electricity Power Year Book provides provincial electricity generation
and consumption data for thermal power, hydropower, nuclear power, wind, solar and
biomass [68] According to Qu et al., due to differences in statistical calibre, there are
minor differences (less than 2%) between the sum of electricity generation and imports
and the sum of electricity consumption and exports [35]. This study adjusts the provin-
cial electricity consumption by the electricity generation, imports and exports data. In-
terprovincial electricity transmission data in 2015 were obtained from the China Elec-
tricity Council [68]. Most of the transmission data are recorded at the provincial level.
Some transmission data are from the subnational grid and are disaggregated to the pro-
vincial level based on actual electricity transmission situations [36].

The second type of data are provincial electricity metal-water-carbon data and
electricity value-added data. In this study, electricity metal-water-carbon refers to metal
used in power construction, and water use and CO2 emissions in electricity generation.
Provincial metal use in power construction is based on dynamic material flow analysis
(D-MFA) [30]. We choose the copper, iron and aluminium as the calculated metal in
this study. Water use data are quantified by electricity generation based on the water
consumption intensity data collected from the relevant literature (e.g., thermal power
[28, 36]; hydropower; nuclear; wind; solar and biomass). Provincial CO; emissions in
electricity generation are calculated based on provincial fuel combustion and emission

factors [65].
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3. Results
3.1 Mismatch between value added and the environmental impacts of electricity
production and consumption

Regions with different economic income levels play different roles in electricity
flow networks. Figure 1 depicts the interprovincial electricity flow and structure ratios
in China in 2015. This study defines “total electricity” to characterize the electricity
flow structure of each province. The total electricity of a province is equal to the sum
of'its electricity production and imported electricity, as well as the sum of its electricity
consumption and exported electricity [35]. In 2015, the electricity production of China
was 5470 TWh, of which 14.9% (856 TWh) flowed between provinces. From the per-
spective of imports, Beijing, Shanghai, Hebei and Guangdong imported more than 30%
of their total electricity, accounting for 54.7%, 38.1%, 35.2% and 30.8%, respectively.
From the perspective of exports, Guizhou, Sichuan and Inner Mongolia exported more
than 30% of their total electricity. Provinces with higher import shares are also more
often high-income regions, which need large amounts of imported electricity to satisfy
their local electricity demand. Most of the provinces with higher export shares, which
are mainly located in the central and north-western regions, have higher power produc-
tion.

To make it easier to compare transfers of value added and environmental impacts,
in this study, this study defines the concept of the “transfer ratio” (shown in Figure 2).
The transfer ratio refers to the proportion of the difference between the consumption-
based and production-based electricity metal-water-carbon and value added at the con-
sumption-based electricity metal-water-carbon and value added. It reflects the propor-
tion of the electricity metal-water-carbon and value added transferred or accepted by a
province in its overall consumption-based electricity metal-water-carbon and value
added. A positive value for the transfer ratio means that the province has net transferred

electricity metal-water-carbon and value added to other provinces (red bars in Figure
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2), while a negative value means that the province has received the net transferred elec-
tricity metal-water-carbon and value added from other provinces (green bars in Figure
2). Detailed information on the electricity metal-water-carbon and valued added in the
electricity flow network of 31 provinces in China in 2015 is depicted in Figure 2. The
coloured rectangular bars represent the production-based electricity metal-water-carbon
and value added, and the hollow rectangular bars represent the consumption-based elec-
tricity metal-water-carbon and value added.

The asymmetry in the distribution of socio-economic—environmental impacts is
especially apparent in the direct comparison between electricity metal-water-carbon
and value added from the two opposing perspectives. The proportion of electricity value
added outsourced from wealthier provinces is much lower than the proportion of elec-
tricity metal-water-carbon outsourced. Wealthier provinces (Beijing and Tianjin, south-
ern coastal provinces, etc.) have higher consumption-based than production-based elec-
tricity metal-water-carbon and value added. Beijing, for example, the transfer ratios of
electricity metal-water-carbon are 57.1%, 31.3% and 91.3%, respectively. The produc-
tion-based electricity value added of Beijing is 20.2 billion RMB, the consumption-
based electricity value added is 28.8 billion RMB and the transfer ratio of electricity
value added is 29.8%. This means that Beijing net-outsourced more electricity metal-
water-carbon than electricity value added, in particular, electricity CO; emissions. The
transfer ratios of electricity metal-water-carbon in Guangdong are 34.4%, 28.4% and
16.8%, respectively. The production-based electricity value added of Guangdong is
164.8 billion RMB, while its consumption-based electricity value added is 186.5 billion
RMB, and the transfer ratio of electricity value added is 11.6%. These wealthier prov-
inces tend to retain electricity value added within their territories and outsource elec-
tricity metal-water-carbon to other provinces through electricity flow networks. Less-
developed provinces do not obtain equivalent economic benefits while receiving elec-

tricity metal-water-carbon outsourced from wealthier provinces. This undoubtedly in-
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creases the degree of inequality between the electricity resource and environmental ef-
fects and the economic benefits in different regions. This inequality is also caused by
intensive resource and environmental effects and low value added in power production
in less developed regions.

In addition to the mismatch between the spill-over of electricity economic benefits
and the overall electricity metal-water-carbon impacts, there are situations where the
spill-over proportion of economic benefits is equivalent to one or two electricity envi-
ronmental elements but seriously mismatched with the others. Shanghai, Jiangsu and
Zhejiang, located in the eastern coastal region, show a serious mismatch between the
embodied electricity value added and the electricity scarcity-adjusted water use out-
sourced in the electricity flow network. The transfer ratios of electricity scarcity-ad-
justed water use in Shanghai, Jiangsu and Zhejiang are 85.1%, 34.9% and 94.3%, re-
spectively, while the transfer ratios of electricity value added are 19.4%, 7.8% and
12.3%. The proportion of outsourced electricity scarcity-adjusted water use is signifi-
cantly higher than that of electricity value added. This means that these provinces out-
sourced a high amount of electricity scarcity-adjusted water use to other provinces, but
the receiving provinces did not obtain equivalent economic benefits through an elec-
tricity flow network. The gap between these two values is very large, which means that
there is a significant degree of inequality between electricity scarcity-adjusted water
use and economic benefits. The transfer ratio of electricity metal-carbon in Shanghai,
Jiangsu and Zhejiang is roughly the same as that of the transfer ratio of electricity value
added, which is basically at the 10% level. This also reflects that the imported electricity
in Shanghai, Jiangsu and Zhejiang is mainly scarce water intensive and low value added.

In contrast, Gansu, Ningxia, and others located in the northwest region, receive
more than one certain outsourced electricity environmental element. The transfer ratios
of electricity metal-water-carbon in Gansu and Ningxia are -14.7%/-30.2%, -8.7%/-
34.0% and -15.3%/-4.2%, respectively, while the transfer ratios of electricity value

added are -7.1%/-27.9%. Ningxia receives more net-outsourced electricity value added
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through the electricity flow network, as it was higher than the received net-outsourced
electricity scarcity-adjusted water use but lower than received net-outsourced electricity
metal use and CO; emissions. This means that there is significant inequality between
electricity metal-carbon and the economic benefits received by Ningxia through an
electricity flow network.

In some provinces with a large proportion of power production, such as Inner Mon-
golia and Shanxi, relatively equivalent electricity resource and environmental effects
and economic benefits were identified. The transfer ratios of electricity metal-water-
carbon in Inner Mongolia and Shanxi are -53.5%/-37.2%, -53.8%/-40.3% and -53.6%/-
37.2%, respectively, while the transfer ratio of electricity value added is -52.2%/-37.3%.
Inner Mongolia and Shanxi are the two largest power production bases in China, which
indicates that expansion of their power capacity would help them obtain more equiva-
lent electricity economic benefits by receiving outsourced electricity resources and en-
vironmental effects.

The transfer direction of the electricity metal-water-carbon and electricity value
added of each province are mostly the same, that is, a province that outsources/receives
electricity metal-water-carbon to/from other provinces through the electricity flow net-
work also outsources/receives electricity value added to/from other provinces. Hei-
longjiang and Shaanxi, however, are special cases. Heilongjiang’s consumption-based
electricity metal use and CO; emissions are lower than its production-based electricity
metal use and CO; emissions, while its consumption-based electricity scarcity-adjusted
water use is higher than its production-based electricity scarcity-adjusted water use. The
transfer ratios of electricity metal-water-carbon in Heilongjiang are -7.4%, 24.2% and
-6.5%, respectively. The production-based electricity value added is 22.1 billion RMB,
and the consumption-based electricity value added is 19.7 billion RMB, while the trans-
fer ratio is -12.3%. The proportion of the electricity value added received by Hei-

longjiang through the electricity flow network is significantly higher than the propor-
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tion of the received electricity metal use and CO> emissions. Meanwhile, it also out-
sources electricity scarcity-adjusted water use to other provinces through an electricity
flow network. Such phenomena can also be found in Shaanxi. The transfer ratios of
electricity metal-water-carbon in Shaanxi are -5.9%, 30.0% and -22.9%, respectively.
The production-based electricity value added is 40.0 billion RMB, the consumption-
based electricity value added is 31.9 billion RMB, and the transfer ratio is -25.3%. From
the perspective of the electricity carbon effect, the economic benefit of Shaanxi is equal
to the proportion of the electricity carbon effect received. However, considering the
electricity resource effect, the proportion of economic benefits received by Shaanxi is
significantly higher than the electricity received, and a reverse outsourced spill-over of

electricity scarcity-adjusted water use is also observed.

3.2 Directions of value-added flows and environmental flows in electricity flows

Figure 3 shows the directions of electricity metal-water-carbon flows and value-
added flows embodied in China’s interprovincial electricity flows in 2015. The black
arrow in the figure represents the direction of the power flow (i.e., power exported to
power imported), and the numbers on the arrows represent the embodied electricity
metal-water-carbon and value added. The embodied electricity metal-water-carbon and
value added flow in the opposite direction (i.e., power imported to power exported).
The colours of each base map indicate the province’s net embodied electricity metal-
water-carbon and value added (i.e., the difference between production-based and con-
sumption-based electricity metal-water-carbon and value added).

The electricity value added is mainly transferred from the southeast coastal prov-
inces to the southwest and central provinces and from Beijing-Tianjin-Hebei to other
regions in the north (Figure 3d). For electricity metal-water-carbon, embodied electric-
ity metal use is mainly transferred from Guangdong to the southwest and central prov-
inces; embodied electricity scarcity-adjusted water use is mainly transferred from

Jiangsu, Zhejiang and Shanghai to Sichuan; embodied electricity CO2 emissions are
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mainly transferred from Beijing-Tianjin-Hebei to other regions in the north. These
flows can be summarized as occurring along three “corridors”: the northern corridor,
the southern corridor and the central corridor [69].

The northern corridor refers to the transfers from the Beijing-Tianjin-Hebei met-
ropolitan area to northwest coal-abundant provinces. Hebei is an important province for
the spill-over of electricity value added, of which the highest electricity value added is
transferred to Shaanxi (5.78 billion RMB). Inner Mongolia is an important province of
electricity value added receivers; these receive electricity value added transferred from
Hebei (5.50 billion RMB), Beijing (2.71 billion RMB) and Tianjin (1.60 billion RMB).
There are electricity value-added transfers between Beijing-Tianjin-Hebei internally.
Among them, the highest electricity value-added transfer pair of provinces is Beijing to
Tianjin (2.33 billion RMB), followed by Beijing to Hebei (1.90 billion RMB) and Tian-
jin to Hebei (1.44 billion RMB). Meanwhile, the highest electricity CO2 emissions
transfers are in the northern corridor (Figure 3¢). The pairs of provinces with the highest
electricity CO2 emissions transfers are Hebei to Inner Mongolia (41.2 Mt), Hebei to
Shanxi (29.7 Mt), Beijing to Inner Mongolia (23.3 Mt), and Tianjin to Inner Mongolia
(13.8 Mt). The northwest provinces have gained economic benefits by meeting Beijing-
Tianjin-Hebei’s power demand along with receiving electricity CO2 emissions.

The southern corridor refers to the transfer from the southwest grid to the Pearl
River Delta region. Guangdong consumes electricity from Hubei, Hunan, Guizhou and
Yunnan provinces through electricity flows and spills the electricity value added to
these provinces. The highest pairs of transferring provinces are Guangdong to Yunnan
(6.00 billion RMB), followed by Guangdong to Guizhou (5.51 billion RMB), Guang-
dong to Hubei (3.88 billion RMB) and Guangdong to Hunan (3.13 billion RMB). As
seen from Figure 3a, there is also a significant transfer of electricity metal use between
Guangdong and these provinces. The highest value existed in Guangdong to Yunnan
(51.2 kt), followed by Guangdong to Guizhou (33.3 kt) and Guangdong to Hubei (8.1

kt). Guangdong transfers 17.1%, 11.1% and 2.7% of the electricity metal use to Yunnan,

19



Guizhou and Hubei, respectively, but only 3.2%, 3.1% and 2.7% of the electricity value
added. This indicates that there is a certain degree of unequitable transfer embodied in
these electricity flows.

The central corridor refers to the transfer from the central grid (e.g., Sichuan Prov-
ince) to the Yangtze River Delta. The electricity value added transferred from Jiangsu-
Zhejiang-Shanghai to Sichuan is the peak of regional transfer, while the highest transfer
pairs of provinces is Jiangsu to Sichuan (7.02 billion RMB), followed by Zhejiang to
Sichuan (6.15 billion RMB) and Shanghai to Sichuan (5.59 billion RMB). As seen from
Figure 3b, scarcity-adjusted water use is also transferred from Jiangsu-Zhejiang-Shang-
hai to Sichuan. Jiangsu-Zhejiang-Shanghai transfers 33.0%, 81.7% and 90.2% of the
electricity scarcity-adjusted water use to Sichuan, respectively, but only 4.2%, 11.5%
and 5.8% of electricity value added. Sichuan has not gained equal economic benefits

through electricity flows.

3.3 Unequal and imbalanced electricity flows, environmental flows and value-
added flows

To capture the equity of socio-economic—environmental sustainability in electric-
ity flows, this study obtains the REI between electricity metal-water-carbon and elec-
tricity value added to compare the degree of equity among different pairs of provinces.
Higher REI values indicate more serious electricity metal-water-carbon impacts and
value-added imbalances between a pair of provinces. When a pair of provinces has an
REI index value between 0 and 1, net electricity metal-water-carbon and net value
added are both outsourced at the same time, and they are called a Category I pair of
provinces in this study. In contrast, when the value is greater than 1, the province suf-
fering inequality not only receives electricity metal-water-carbon inflows but also out-
sources the value added to the corresponding province, and they are called a Category
II pair of provinces in this study. The REI matrix of electricity metal-water-carbon and

electricity value added are shown in Figure 4.
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Seventeen pairs of provinces fall into Category I, with inflows of electricity value
added and outflows of electricity CO> emissions, while there are 17 pairs of provinces
in electricity scarcity-adjusted water use and 5 pairs of provinces in electricity metal
use. The provincial pair with the highest REI value is Shaanxi-Gansu (REI=2.02). In
2015, Shaanxi outsourced 1.22 Mt net electricity CO» emissions, 0.3 billion m? and 8.3
kt electricity metal use to Gansu but received 0.61 billion RMB electricity value added
from Gansu through the electricity flow network. Due to disadvantages in the structure
of the electricity flow, Gansu receives outsourced net electricity CO; emissions from
Shaanxi but does not obtain economic benefits; instead, there is a simultaneous net
electricity value-added transfer from Gansu to Shaanxi. Other higher REIs in Category
I include Sichuan-Shaanxi (REI=1.94, carbon), Jilin-Inner-Mongolia (REI=1.61, car-
bon), Hubei-Henan (REI=1.47, carbon), Shanghai-Zhejiang (REI=1.20, water), Henan-
Hubei (REI=1.09, water), Qinghai-Ningxia (REI=1.01, water), Jilin-Inner-Mongolia
(REI=1.13, metal) and Sichuan-Gansu (REI=1.03, metal). That inequality occurred not
only between developed provinces and less developed provinces but also between less
developed provinces and developed provinces.

A total of 432 pairs of provinces (carbon), 442 pairs of provinces (water) and 457
pairs of provinces (metal) fall into Category II, with inflows of electricity value added
and inflows of electricity metal-water-carbon impacts. The provincial pair with the
highest REI value in Category II is Sichuan-Ningxia (REI=1.00). In 2015, Sichuan out-
sourced 0.02 Mt net electricity CO2 emissions and 0.5 million RMB to Ningxia through
an electricity flow network. Another high REI index in Category II is Shaanxi-Ningxia.
The share of net electricity CO» emissions outsourced from Shaanxi to Ningxia is 19.5%,

while the share of net electricity value added is 5.0%.
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4. Discussion and policy implications

The asymmetry in the distribution of electricity socio-economic—environmental
equity is especially apparent in the direct comparison between embodied electricity
metal-water-carbon and valued added. The results show that, in total, 15.0% (540.8 kt),
17.4% (1.55 billion m*) and 13.1% (440.2 Mt) of consumption-based electricity metal-
water-carbon were outsourced to other provinces through the electricity flow network
in 2015. However, only 9.3% (138.8 billion) of consumption-based electricity value
added was outsourced to other provinces. This observation means that many provinces
supply electricity to other provinces and receive outsourced external electricity metal-
water-carbon, but they do not gain equivalent economic benefits. This asymmetry is a
structural feature of electricity trade relations, and coupling exists in the electricity eco-
nomic—environmental inequity embodied in such an unequal exchange.

This goes beyond other recent studies that only simply capture the environmental
impacts of electricity transmission and flow. This analysis referred to ecologically un-
equal exchange theory and TiVA global value chain theory and methodologically fitted
them to electricity flow networks. The use of these models provided a systematic per-
spective on electricity socio-economic—environmental equity. The results found signif-
icant differences in the value-added compensation of electricity metal-water-carbon,
and these differences were mostly determined by a region’s economic level. Wealthier
provinces outsourced a large share of consumption-based electricity metal-water-car-
bon to other provinces through electricity flow networks but retained a large share of
electricity value added. For example, the consumption-based electricity metal-water-
carbon of Beijing is 1.46-fold~11.7-fold that of its production-based electricity metal-
water-carbon. In 2015, Beijing outsourced 91.3%, 31.4% and 48.3% of consumption-
based electricity metal-water-carbon to other provinces, respectively, but over 70% of
consumption-based electricity value added was retained. In addition, the ratio range of

each province’s consumption-based and production-based electricity metal-water-car-
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bon is higher than the ratio range of consumption-based and production-based electric-
ity value added. More resource-intensive and environment-intensive but low-value-
added electricity is transferred between all provinces through the electricity flow net-
work.

With regard to the equitable level of socio-economic—environmental sustainability
in the electricity flow network, the REI between electricity metal-water-carbon and
electricity value added indicates that money and environmental impacts flowing in op-
posite directions depict higher inequity, while flows of money and environmental im-
pacts aligned in the same direction have lower inequity. Some provinces, such as
Shaanxi, make use of advantages in the electricity structure and have gained economic
benefits from electricity flows. This study found that inequality occurred not only be-
tween developed and less developed provinces but also between less developed prov-
inces and developed provinces.

Economic and environmental inequality among regions is a manifestation of
China’s long-term unbalanced regional development and power planning [48]. Over the
past few decades, electricity flows have been associated with the movement of re-
sources and environment-intensive power production from developed regions to the
central, northwest and northeast regions. They provided electricity for coastal devel-
oped provinces, and at the same time, they achieved the associated power economic
pulling effect. However, because of the low technical efficiency and power economic
value added, they did not obtain equivalent economic benefits, and thus, regional elec-
tricity socio-economic—environment imbalances still existed. This inequity is continu-
ing and creates a dilemma between economic development and environmental sustain-
ability [70, 71].

To eliminate the dilemma and solve the problem of inequity in the socio-eco-
nomic—environmental sustainability embodied in electricity flow, it is essential to im-
plement more targeted environmental and economic policies for power systems. The

central, northwest and northeast regions, which undertake the main responsibility for
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power production, need to vigorously develop advanced, more efficient, and low envi-
ronment-intensive power production technology. While reducing the negative effects
on the environment, technological progress of power production could promote the de-
velopment of the regional economy and deliver higher economic value added. In the
long run, more reforms to the electricity market are needed. Although the power price
in China is formed partly by certain market factors, it is mainly controlled by the gov-
ernment rather than determined by supply and demand, which makes the power pro-
duction enterprises in the central and western regions reluctant to pay greater environ-
mental governance costs [48]. At present, in the face of this problem, researchers have
carried out many studies to promote the reform of China's electricity market [50]. If the
electricity price can be determined based on the market pricing mechanism, the price
could be adjusted according to the environmental cost [72]. Although this approach
cannot guarantee the internalization of all external environmental costs, it can to a cer-
tain extent help solve the environmental problems brought by the power industry. In the
relationship between supply and demand, people should strengthen demand-side re-
sponsibility, promote the adoption of corresponding ecological and resource compen-
sation strategies, and encourage wealthier provinces to reduce the environmental effects
of power generation on less affluent regions by providing funding and technologies [73].
At the same time, power enterprises should also strengthen supply chain management
and solve problem by strengthening their own environmental responsibility that of other

enterprises upstream and downstream in the supply chain [48, 74, 75].

5. Conclusions

This study proposed a multi-model framework to trace the transfers environmental
impacts (measured using metal-water-carbon) and economic benefits (measured using
valued added) of electricity as well as the degree of equity in the economic—environ-

mental sustainability embodied in electricity flows in China in 2015. The results reveal
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whether electricity flows affect the equity of regional economic—environmental sustain-
ability. From the analysis and discussion of regional economic—environmental equity,
the main achievements can be summarised as follows:

1. In total, 15.0%, 17.4% and 13.1% of consumption-based electricity metal-wa-
ter-carbon were outsourced to other provinces through the electricity flow network in
2015, respectively, while only 9.3% of the consumption-based electricity value added
was outsourced. The electricity value added is mainly transferred from the southeast
coastal provinces to the southwest and central provinces and from Beijing-Tianjin-He-
bei to other regions in the north. More resource-intensive and environment-intensive,
but low-value-added, electricity is transferred across all provinces through the electric-
ity flow networks.

2. Asymmetry in the distribution of socioeconomic and environmental impacts is
especially apparent. The proportion of electricity value added outsourced from wealth-
ier provinces is much lower than the proportion of outsourced electricity metal-water-
carbon.

3. In addition to the mismatch between the spill-over of electricity economic ben-
efits and the overall electricity metal-water-carbon impacts, there are situations where
the spill-over proportion of economic benefits is equivalent to one or two electricity
environmental elements but seriously mismatched with the others. In some provinces
with large proportions of power production, such as Inner Mongolia and Shanxi, rela-
tively equivalent electricity resource and environmental effects and economic benefits
were identified.

4. Regional economic—environmental inequity exists in bilateral electricity flow.
Higher REI values indicate more serious electricity metal-water-carbon impacts and
value-added imbalances between two provinces. The provincial pair with the highest
REI value is Shaanxi-Gansu (REI=2.02). Owing to the disadvantages in the structure
of its electricity flow, Gansu receives outsourced net electricity CO2 emissions from

Shaanxi but does not obtain economic benefits; instead, there is a simultaneous net
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electricity value-added transfer from Gansu to Shaanxi.

This study explores the regional economic—environmental equity hampered by
some unsustainable electricity flows. It offers insights to help policymakers to better
address the potential environmental and economic implications of electricity flows to
ensure the sustainable growth of electricity production and consumption. To eliminate
the dilemma and solve the problem of inequity in the economic—environmental sustain-
ability embodied in electricity flow, it is essential to implement more targeted environ-
mental and economic policies for power systems. The results of analysis will be also

helpful for similar investigation in each country/region in the future.
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Nomenclature

REIindex  Regional environmental inequality index

EUE
TiVA
MRIO
D-MFA

T
Om)
K
Fm)
X

\W
Ei
Pi
Fcoz
Ci
EF;
0]
Mi

Ecologically unequal exchange
Trade in value added
Multi-regional input-output
Dynamic material flow analysis

inflows of metal
outflow of metal
stock of metal
probability lifetime distribution
past inflow vintages
total water use
power production’s water intensity
power production
CO; emissions
energy consumption
carbon emissions factor
oxidation rate
molecular weight ratio of carbon dioxide to carbon
total electricity
total electricity generated by domestic power plants
total electricity consumed by all end-users
electricity flows
total electricity vector
electricity generation vector
electricity consumption vector
electricity flows matrix
direct inflow coefficient matrix
share rate of the electricity flow
identity matrix
total inflow coefficient matrix
embodied environmental impacts
environmental intensity of the total electricity
diagonal matrixes of the electricity value-added intensities of region R
diagonal matrixes of the electricity value-added intensities of region S
electricity value added of region S driven by the electricity demand of region

net flows of electricity value added between region R and region S

net flows of electricity metal-water-carbon between region R and region S
maximum values of matrix W
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Wpyny  minimum values of matrix W

REIRS  REI matrix of electricity metal-water-carbon and electricity value added
|V§_5Net| absolute value of VZS,,,

n minimum values of EZSy../VEyer
n minimum values of EXSy,,

ns3 minimum values of |VCR;9 Net|

N, maximum values of EZS,../VE .t
N2 maximum values of EZXS,,,

N3 maximum values of |V§fNet|
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Figure 1. China’s interprovincial electricity flow structure in 2015: A: Circular diagram of the

electricity flow network; B: Electricity flow structure ratio of total electricity, imported electricity
and exported electricity.

34



(A) Transfer ratio

-100% -50% 0% 50% 100%

. Sich Xinii
Shandong Heilongjiang 1 Fujian ichuan Yunnan injiang
Chongging Ningxia
Shanxi Anhui Guizhou —
Jilin 1 Hunan Qinghai
Heibei Zhejiang Hainan |
Liaoni - Hubei Gansu
o iaoning
Tianjin Jiangsu Henan Guangxi ! Shaanxi
Inner - y
Beijing Mongolia Shanghai Jiangxi Guangdong Tibet

Metal use /kt
-100% -50% 0% 50% 100%

Sichuan Yunnan I - Xinjiang
Shandong Heilongjiang n Fujian .
Chongging Ningxia
Shanxi Anhui Guizhou _—
Jilin [ | Hunan Qinghai
Heibei Zhejiang Hubei Hainan L Gansu
Liaoning I |
Tianjin Jiangsu Henan Guangxi I ! Shaanxi
Inner " N N
Beijing Mongolia I ] Shanghai Jiangxi Guangdong l] || Tibet
o 1 2 3

Scarcity-adjusted water use /billion m3

-100% -50% 0% 50% 100%

) Transfer ratio

-100%50% 0% 50% 100%

Metal use /kt

-100%:50% 0% 50% 100%

o 1 2 3
Scarcity-adjusted water use /billion m3

-100%:50% 0% 50% 100%

© Transfer ratio

-100% 50% 0% 50% 100%

Metal use /kt

-100% 50% 0% 50% 100%

(D) Transfer ratio

-100%-50% 0% 50% 100%

0 200 400 600

Metal use /kt
-100%-50% 0% 50% 100%

Scarcity-adjusted water use /billion m®  Scarcity-adjusted water use /billion m3

-100% 50% 0% 50% 100%

-100%-50% 0% 50% 100%

E) Transfer ratio

-100%-50% 0% 50% 100%

0 200 400 600

Metal use /kt
-100%-50% 0% 50% 100%

Scarcity-adjusted water use /billion m3

-100%-50% 0% 50% 100%

(F) Transfer ratio

100% -50% 0% 50% 100%

Metal use /kt
-100% 50% 0% 50% 100%

Scarcity-adjusted water use /billion m?

-100% -50% 0% 50% 100%

I Production-based
[ ] Consumption-based

N Sichuan Yi Xinjiang . .
Shand Fi unnan
andong Heilongiiang | uifan I Positive Transfer Ratio
Shamxi Anhui Chongging Guizhou Ningxia
Jlin I Hunan ) Qinghai [ Negative Transfer Ratio
Heibei - Zhejiang Hubei Hainan .
Liaoning [ ] .
Tianjin | Jiangsu Henan Guangxi Shaanxi
Inner
Beijing ——— Mongolia Shanghai Jiangxi Guangdong Tibet

0 200 a0 600
CO, emissions /Mt

-100% -50% 0% 50% 100%

0 200 400 600
CO;, emissions /Mt

-1009%:50% 0% 50% 100%

0

200 400 600
CO, emissions /Mt

-100% -50% 0% 50% 100%

0

CO, emissions /Mt

200 400 600

-100%-50% 0% 50% 100%

CO; emissions /Mt

-100%-50% 0% 50% 100%

CO, emissions /Mt

-100% -50% 0% 50% 100%

Shandong I Heilongjiang ] 1 Fujian | Sichuan | | vumnan ] Xinjiang ] L]
Shanxi ] - Anhui :‘ - Chongaing | ] # Guizhou ] i Ningxia -
Jilin ] | |
Hunan | Qinghai ]
Heibei ] Zhejiang i Hainan ]
Lioning | Hubei - Gansu || [
Tianjin | Jiangsu il Guangxi
in | ] o Henan I wi [] 1 Sheani | | wm
- Inner )
Beijing j - Mongolia ] - Shanghai L] Jangxi [ ] 1 Guangdong L] Tibet 1
o 1000 2000 0 100 2000 o 000 2000 13 1000 2000 o 1000 2000 0 1000 2000

Value added /100 million

Value added /100 million

Value added /100 million

Value added /100 million

Value added /100 million

Value added /100 million

gl B~ W N

Figure 2. Production-based and consumption-based electricity metal-water-carbon and electricity value added of the 31 provinces in six power grids in
2015: A: North China Power Grid; B: Northeast Power Grid; C: East China Power Grid; D: Central China Power Grid; E: South China Power Grid; F: Northwest
Power Grid. Black hollow bars represent the consumption-based perspective, and coloured solid bars represent the production-based perspective. The red and green

bars represent the positive transfer ratio and negative transfer ratio, respectively.
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Figure 4. REI of representative pairs of provinces in the two categories between electricity
metal-water-carbon and value added. A: CO; emissions-value added; B: Scarcity-adjusted wa-
ter use-value added; C: Metal use-value added. The whole transfer matrix for REI among all prov-

inces is shown in Figure S1.
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