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Abstract: With the increasing proportion of low-carbon power in electricity generation mix, power
generation will be transformed from carbon-intensive to metal-intensive. In this context, metal and
GHG transfers embodied in electricity transmission of China from 2015 to 2019 are quantified by
the Quasi-Input-Output model. Combined with complex network theory, we have distinguished
whether metal and GHG transfers show different trends as electricity trade changes. Driving factors
contributing to forming the metal and GHG transfers are also explored based on the Quadratic
Assignment Procedure. The results show that the electricity trade change has strengthened the metal
transfer network significantly, while several key links in the GHG transfer network have weakened.
Moreover, we find provincial differences in low-carbon electricity investment contributing to the
metal transfer while affecting the GHG transfer little. The above facts imply an expanding embodied
metal transfer in the future and shed light on policy making for power system decarbonization.

Keywords: metal transfer; GHG transfer; quasi-input-output model; quadratic assignment procedure;
power system decarbonization

1. Introduction

Global warming is one of the most significant environmental issues the Earth is facing.
In this context, the Chinese government announced that it would pledge to achieve the
“carbon neutrality” goal by 2060. The realization of “carbon neutrality” will inevitably
require deep decarbonization of the power system [1]. To reach net zero emissions in the
power system, wind and photovoltaic power generation should account for more than
60% of all power generation [2,3]. However, it is worth noting that wind and photovoltaic
power technologies use much larger amounts of copper, nickel, chromium, zinc, etc. than
traditional fossil fuel-based power systems [4]. Therefore, many scholars believe that
under the goal of “carbon neutrality”, the power system will be transformed from carbon-
intensive to metal-intensive [5–7]. The energy sector will become the leading consumer of
metallic minerals. For example, low-carbon energy technologies’ share in global copper
demand will be over 40% by 2040, and this proportion will be 60–70% for nickel [4].

In China, many provinces have outsourced carbon emissions to coal-rich provinces by
purchasing electricity, so that considerable carbon transfer embodied in electricity trade can
be observed among provinces [8]. The analyses of embodied carbon transfer are helpful for
the fair distribution of carbon reduction responsibility. Specifically, the price of purchased
electricity does not include all external costs incurred by carbon emissions [9]. Therefore,
the responsibility for carbon emission reduction being fully borne by electricity producing
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regions is unfair [10–12]. As the power system is decarbonizing (from carbon-intensive
to metal-intensive), the environmental inequality problem related to embodied carbon
transfer may weaken, and the similar problem of embodied metal transfer caused by power
transmission will become increasingly prominent. Valero et al. proved that significant
demand for metals due to solar and wind power development put the supply of the
corresponding metals in a high-risk state [13]. Cumulative global demand of metals from
2016 to 2050 would exceed the available reserves for copper, nickel, chromium, zinc, cobalt,
silver, etc. Moreover, substitution on an elemental level will be difficult or inefficient [4,14].
Thus, it is not feasible for low-carbon electricity importers to enjoy the benefits of clean
power, while low-carbon electricity exporters bear the supply risks, price risks, and the
environmental risks of utilizing related metals [15]. If the associated risks cannot be
reasonably addressed, the process of decarbonizing the power system will be constrained.
In fact, risks directly faced by low-carbon power exporters can be compensated by charging
low-carbon power importers higher prices. However, this means higher energy costs in
the future, which will threaten economic development. Consequently, how to share and
mitigate risks for guaranteeing secure and affordable low-carbon electricity supply is an
urgent problem to be solved. We consider that analyzing embodied metal transfer can shed
light on this issue.

As most of the ultra-high voltage transmission projects aimed at encouraging the
delivery of low-carbon electricity from resource-rich provinces to other regions became
smoothly operational after 2014, we select 2015 to 2019 as our study period. In addition,
considering the supply risk of the metal and the availability of data, we select copper
(Cu), nickel (Ni), chromium (Cr) and zinc (Zn) to reveal the characteristic of metal transfer
embodied in electricity flow. The aims of this paper are as follows: (1) explore whether
metal transfer embodied in power transmission across provinces in China shows different
trends than embodied GHG (greenhouse gas) transfer during recent years. (2) Clarify the
different roles of provinces in the metal and GHG transfer networks and identify which
provinces are closely linked in the networks. (3) Evaluate if relevant factors have a different
impact on the metal and GHG transfer networks. The results can provide insights for policy
making on the road to zero carbon emissions.

2. Literature Review

An “embodied” approach is synonymous with all “footprint” analyses and the em-
bodied impact is the impact caused in the supply chain of a product [16]. For example,
embodied carbon emission, which is widely discussed, is defined as the carbon emitted
from the processes of raw material acquisition, manufacturing, transportation and purchase
by consumers [17]. Thus, regional embodied carbon transfer is explained as a region’s
inflow and outflow of embodied carbon emissions contained in interregional flows of goods
and services [18]. This concept also applies to other environmental loads, such as particu-
late matter 2.5 [19], heavy metal emissions [20], raw material [21], water [22] and land [23].
Herein, the embodied metal consumption is proposed after embodied energy which is the
first proposed concept of embodied resources, representing the sum of direct consumption
and indirect consumption in the production chain [24–26]. Furthermore, environmental
load transfer embodied in regional trade always reveals environmental inequalities [27–29].
For metal consumption, embodied metal transfer analysis reveals indirect consumers of
metals, tracks the suppliers of the metal consumption (especially indirect consumption) in
a region, and emphasizes that embodied metal inflow regions usually enjoy the benefits
of applying the resources, while they do not undertake the corresponding responsibilities
and risks [30,31]. It can be seen that the Multi-Regional Input-Output (MRIO) model is
widely used to study the environmental load transfer embodied in trade. Since electricity
generation can contribute to large-scale regional environmental concerns, researchers have
focused only on the environmental impacts of inter-regional electricity trade [10,12,32–36].
Ma L. quantified spatial pattern change of carbon flow embodied in inter-provincial power
transmission [36]. Though the MRIO model is a good tool to quantify the inter-regional
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transfer of environment load embodied in electricity transmission [12,37], other models
such as the iterative method [38] and Quasi-Input-Output (QIO) model [39,40] have also
been applied to explore the above problems. Qu et al. first proposed the QIO model and
pointed out that the iterative method computed an approximation with only finitely many
terms or iterations [39]. They also mentioned that traditional MRIO assumed all electricity
exports in a region were from local generation, which is inconsistent with the facts. The
QIO model has redressed the flaws in the assumptions of the MRIO model and reflected the
reality that power outflow from a regional grid was a mix of electricity from multiple grids.
Therefore, the QIO model can trace electricity from generation to consumption through
pathways in the entire electricity transmission network more realistically. For example, the
QIO model was employed to evaluate the emission factors of purchased electricity and
furthermore clarify the embodied CO2 emission flows in electricity trade [35,41]. Liu et al.
applied the QIO model and proved that power transmissions in China led to net carbon
reduction while net water consumption increased in 2016 [34].

Previous studies have presented an understanding of some environmental load, espe-
cially carbon transfer embodied in electricity trade in target regions. In fact, these studies
are mainly from the perspective of the environmental impact of traditional thermal power
generation, while the environmental impact of low-carbon power systems remain over-
looked. It is known that low-carbon power systems in the future will be much more reliant
on metals than traditional thermal power [4]. As the installed capacity of solar and wind
power increases continuously, the scale of metal transfer embodied in interprovincial power
trade is expected to show an upward trend, which has not yet received attention. Therefore,
this study will focus on the embodied metal transfer caused by transmission of electricity
across provinces using the QIO model. In fact, the material flow analysis reflects the direct
flow of metals, and thus the main direct consumers of metals can be discovered [42–45].
The embodied metal transfer caused by transmission of electricity across provinces reveals
the indirect consumers of metals. This can be considered complementary to material flow
analysis when identifying the responsible subjects of metal utilization.

The characteristic of environmental load transfer embodied in trade can be portrayed
by Structural Path Analysis (SPA) [46–50] or complex network theory [51–54], through
which the key nodes and links in the flow of environmental load can be identified. Further-
more, the factors affecting the embodied environmental load transfer have also attracted the
attention of many researchers. The Logarithmic Mean Divisia Index (LMDI) method and
Structural Decomposition Analysis (SDA) are common approaches in investigating driving
factors [55,56]. Moreover, the literature shows that parametric models can track various
factors affecting embodied environmental load transfer. Through parametric models, M.
Li et al. proved that Chinese provinces with more stringent mitigation policies would
outsource more CO2 emissions [57]. Zhong et al. utilized a parametric model to articu-
late that, as the degree of participation in global value chains rose, the carbon emissions
transferred via trade also increased [58]. According to the above literature, the driving
factors considered in LMDI or SDA methods depend on the accounting formulas for envi-
ronmental load transfer. Parameter models can examine how policy, culture factors, etc.
impact environmental load transfer. However, the methods of LMDI, SDA, and parametric
models fail to reflect the relationship between the outflow and inflow sides of embodied
environmental load transfer. The Quadratic Assignment Procedure (QAP) method is a non-
parametric method that can consider the influencing factors of environmental load transfer
from a relationship perspective. In fact, QAP is a way to study how a series of relationships
affect certain relationship in network analysis [59–61]. Few studies have focused on the
driving factors of environmental load transfer embodied in electricity trade, especially from
a relationship perspective. Therefore, this study will explore the contributing factors for
metal and GHG transfers embodied in the electricity trade by employing the QAP method.

Based on the pre-existing literature, our work contributes to previous research as
follows: First, to the best of our knowledge, this is the first study to focus on characteristics
of metal transfer embodied in the electricity trade in China. We highlight the different



Sustainability 2022, 14, 8898 4 of 19

characteristics of GHG and metal (including Cu, Ni, Cr and Zn) transfers under the
increasing share of low-carbon power in China’s electricity generation mix. Second, we
analyze the driving factors contributing to the metal and GHG transfer networks from a
relationship perspective.

3. Materials and Methods
3.1. Quantifying Metal and GHG Transfers Embodied in Power Trade Based on QIO Model

Considering the advantages of the “QIO model” [39] mentioned in the literature
review, we apply it in this study to investigate embodied metal and GHG transfers from
electricity producing to electricity consuming provinces. The electricity trade system is
commonly represented using a network as an analogy for its structure and flows. It is
shown as Equation (1).

T =



0 T12 . . . T1n

T21
. . . . . .

...

...
. . . . . . T(n−1)n

Tn1 . . . Tn(n−1) 0


(1)

The n by n matrix T with zero elements on the diagonal depicts electricity flows among
provinces. The non-negative elements Tij denote the electricity volume transferred from
province i to province j (i, j = 1, 2, 3 . . . . . . n). According to the identity relation that the
total electricity flow of a province equals the total electricity flowing in or out, Equation (2)
can be derived.

zi = pi +
n

∑
j=1

Tji = ci +
n

∑
j=1

Tij (2)

zi represents the total electricity flow of province i, which is the sum of the total
electricity generated in province i (pi) and all electricity obtained from all other provinces
(∑n

j=1 Tji), which also equals the total amount of electricity consumption of province i (ci)
plus the electricity exported from province i to other provinces (∑n

j=1 Tij).
According to the balance of electricity flow, the balance of embodied metal flows or

GHG flows can be expressed as Equation (3).

ez = ep + ezS (3)

where ez =
(
ez

i
)

is a 1 by n vector denoting metal or GHG embodied in total electricity
flows of province i; ep = (ep

i ) is also a 1 by n vector signifying metal or GHG embodied in
total electricity generated in province i; S =

(
Sij
)

is an n by n matrix named as the direct
outflow coefficient matrix in Qu et al. [39], representing the share of electricity transferred
from province i to province j in total electricity flow of province i. Specifically,

S =



0 T12
z1

. . . T1n
z1

T21
z2

. . . . . .
...

...
. . . . . . T(n−1)n

zn−1

Tn1
zn

. . .
Tn(n−1)

zn
0


(4)
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Based on Equation (3), metal or GHG embodied in total electricity flows ez could be
calculated as shown in Equation (5).

ez = ep(I− S)−1 (5)

The QIO model assumes that, if the total electricity flow of a province is a mix of locally
generated electricity and electricity received from other provinces, then the electricity used
by the local consumers is a portion of the mixed electricity. Consequently, metal or GHG
embodied in the electricity consumption of province i ec =

(
ec

i
)

1×n can be calculated by
Equation (6).

ec = ezSc = ep(I− S)−1Sc (6)

where Sc is an n by n diagonal matrix with the elements ci/zi on the diagonal. Obviously,
ci/zi is the locally consumed electricity share of the total electricity flow. Furthermore,
metal or GHG embodied in electricity flow from generation province i to consumption province
j (Mij) can be finally traced by Equation (7).

M =
(

Mij
)

n×n = êp(I− S)−1Sc (7)

Mij can be understood as the metal or GHG volume embodied in electricity generated
in province i directly and indirectly exported to province j. Note that developed regions
usually outsource carbon emissions to the areas endowed with rich natural resources.
Therefore, some studies described the carbon flow direction as opposite to the related
commodity flow [12,62], while some studies showed that the direction of carbon flow was
consistent with that of commodity trade [63,64]. In fact, the essence of what they illustrated
was the same. In this study, the GHG flow and metal flow remain in the same direction
as that of the related electricity trade. Moreover, ep

i = ∑k hk pik, where hk is the lifecycle
metal consumption or lifecycle GHG emission per unit of electricity generation from fuel
type k; pik is the electricity generation from fuel type k in province i. This study considers
electricity from different energy sources, including coal power, natural gas power, other
thermal power, hydropower, nuclear power, wind power and solar energy. The above
method assumes that the composition of electricity delivered from a certain province to
any other province is the same, which is also implied in the previous literature [34,62].

It should be noted that GHG emission is produced mainly during the electricity gener-
ation stage; thus, GHG emission per unit of electricity generation can be calculated by total
GHG emission of power generation within a year divided by the total electricity generation
for that year. However, using the same method to calculate metal consumption per unit of
electricity generation is unreasonable because the majority of the metal is consumed during
the construction period. The consumption of metal should be apportioned to all electricity
produced over the life of the power plant. Lifecycle metal or GHG intensity shows the
levels of metals needed or GHG emissions across all life-cycle stages to be produced per
unit of electricity production. Life-cycle stages generally include construction, installation,
operation, decommissioning, and end-of-life treatment of the power plants. Consequently,
lifecycle metal intensity of electricity generation is applied in this study, along with lifecycle
GHG intensity of electricity generation, for consistency.

3.2. Identifying Features of Metal and GHG Transfer Networks Based on Complex Network Theory

Provinces are taken as nodes and metal or GHG transfers embodied in the electricity
flow from generation province to consumption provinces are taken as edges. The volume
of Mij(i 6= j) derived from Equation (7) is defined as the weights of edges. Self-loops are
ignored. Thus, we construct metal and GHG transfer networks as weighted and directed
networks. The adjacency matrix W is shown as Equation (8). To capture the related changes
in metal and GHG transfers embodied in electricity transmission during the study period,
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we focus on the position metrics such as in-strength and out-strength and integrated metrics
such as average weighted degree and community structure.

W =



0 M12 . . . M1n

M21
. . . . . .

...

...
. . . . . . M(n−1)n

Mn1 . . . Mn(n−1) 0


(8)

Strength is defined as the total weights of the edges connecting to one node in directed
and weighted networks. Moreover, it should be classified into out-strength and in-strength.
In our study, out-strength measures metal or GHG volume embodied in electricity gener-
ated in a province directly and indirectly exported to other provinces. On the other hand,
in-strength measures metal or GHG volume embodied in electricity directly and indirectly
imported from other provinces. The calculation formulas are as follows:

SOi = ∑
j,j 6=i

Mij (9)

SIi = ∑
j,j 6=i

Mji (10)

Average degree refers to the average of the degrees of all nodes in the network. For
the directed and weighted network in this study, average weighted degree AD is obtained
by Equation (11). It reflects averaged metal or GHG inflow and outflow levels embodied in
electricity trade.

AD =
∑i(SOi + SIi)

2n
(n is the total number of nodes) (11)

The community structure also reflects the overall metric of the complex network. The
connections between nodes within a community are relatively tight, and the connections
between different communities are relatively sparse. This result can help us classify
provinces into several groups according to the closeness of the environmental linkage
between the provinces. In this paper, we use software Gaphi 0.9.2 to achieve community
structure division by the algorithm of Blondel et al. [65].

3.3. Exploring Factors Influencing Metal and GHG Transfer Networks Based on QAP Method

The metal and GHG transfer embodied in electricity transmission in China is de-
termined by the combined effects of many factors. Under the net-zero carbon dioxide
emissions target, the decarbonization rate of electricity system in each province is not nec-
essarily the same. Therefore, we are curious about how differences in the decarbonization
effort of provinces affects metal or GHG transfer. It seems that the dependent variable
and key independent variable are all relational data. The QAP algorithm is a nonpara-
metric method, which takes relational data expressed in matrices as the research object.
Furthermore, the QAP method can overcome the multicollinearity issue [18,60]. Thus,
“QAP regression analysis” is used to study the relationship between metal or GHG transfer
network and the influencing factors. The principle of this method can be found in previous
research [60,66].

We selected the control variables influencing the metal and GHG transfers embodied
in electricity trade based on the gravity model. The model states that the size of bilateral
trade flows is determined by supply conditions at the origin, demand conditions at the
destination and the driving forces of the trade flows [67]. Enlightened by the model, the
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control variables reflect the following aspects: difference in power generation characteristics,
economic development gap and grid connection. For the influence mechanism, see the
Supplementary Information (SI). Table 1 shows the definition of influential factors.

Table 1. Definition, measurement and abbreviation of the influential factors.

Influential Factors Variables Measurement Abbreviation

Provincial difference in
decarbonization effort

Investment on
low-carbon electricity 1

Low-carbon electricity investment’s
share in power generation investment PI

Elimination of backward thermal
production capacity

The proportion of the capacity of
thermal power plant retirements in

total installed capacity of
thermal power

RC

Innovation in low-carbon
power technologies

The number of authorized green
patents related to electricity 2 PT

Provincial difference in power
generation characteristic

Total power generation Total electricity generated locally PG

Power generation structure Share of low-carbon electricity in total
electricity generation mix PS

Power price

Weighted average of on-grid price of
different types of electricity. (The
weight is percentage of electricity

production that comes from
different fuels)

PP

Provincial difference in
economic development Economic scale Gross domestic product GDP

Grid connection between
provinces

Whether there is direct power
transmission relationship

between provinces
\ RE

Note: 1 Low-carbon electricity includes hydropower, nuclear power, wind power and solar power. 2 The green
patents related to electricity includes the categories of Alternative Energy Production, Nuclear Power Generation,
and Storage of Electrical Energy belonging to Energy Conservation.

The QAP regression model can be demonstrated by Equation (12).

W′metal or W′GHG = f (PI, RC, PT, PG, PS, PP, GDP, RE) (12)

where data for all the variables are matrices. We set the amount of metal transfer matrix
W′metal or GHG transfer matrix W′GHG as the dependent variable. Since this paper is
intended to study the formation of interprovincial metal or GHG transfer, bilateral trans-
fer volume can be considered to reflect the linkage between two provinces [59]. The
elements of W′metal or W′GHG are W ′ij = W ′ji = Mij + Mji and W ′ii = 0. RE is grid
connection matrix with zero elements on the diagonal. If there is direct power trans-
mission relationship between province i and province j, REij = REji = 1, otherwise,
REij = REji = 0. PI, RC, PT, PG, PS, PP and GDP are expressed by the absolute value
matrix of the differences between provinces. For example, the ijth elements of matrix PI
PIij = PIji =

∣∣PIi − PIj
∣∣, and PIii = 0. In this study, the variables from 2015 to 2019 are

averaged, and then a “difference matrix” is constructed using the absolute values of the
differences in the above average values across provinces [60]. QAP regression of this paper
are performed in UCINET by randomly permuting the data 2000 times.

3.4. Materials

The national electricity grid is divided into 31 sub-grids based on provincial adminis-
trative boundaries (Table S1). The power grids of Hong Kong, Macao, and Taiwan are not
covered because of data deficiency. We have obtained the provincial electricity generation,
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generation mix, electricity consumption and inter-provincial electricity transmission data
from China electricity council [68–72].

de Koning et al., Watari et al. and IEA provide the data on the levels of lifecycle metal
intensity in different electricity generation technologies (Table S2) [4,73,74]. Lifecycle GHG
emission intensity of each electricity generation technology is given by the world nuclear
association [75] (Table S3). In fact, there are relatively large differences in the life-cycle
metal/GHG intensity reached by different studies. The boundary selection of lifecycles
leads to a broader range in results. For example, some studies included end-of-life treatment
in the scope, while some excluded this stage [76,77]. Moreover, the selection of facilities
and site-specific or region-specific factors are the most prominent factors influencing the
results [75]. Thus, mean values of the lifecycle metal and GHG intensity presented in
the literature are adopted in this study. The precision of these data is low. However,
the differences between the metal or GHG intensities of competing electricity generation
technology is sufficiently great that it is still possible to draw meaningful conclusions [78].
Metal efficiency improvement (e.g., dematerialization and substitution) that helps reduce
the use of metal is not considered in this study. First, accurate collection of the lifecycle metal
intensity change within the study period is challenging. Second, metal intensity is relatively
stable in the short run, and Cu, Ni and Cr show poor progress in substitution [4,79]. For
example, aluminum wires are cheaper while requiring higher maintenance than copper
wiring [80]. Likewise, lifecycle GHG emission intensity change within the study period is
neglected. Thus, this study highlights the role of electricity mix changes on metal demand
and GHG emissions.

Moreover, the basic data about influential factors in QAP regressions including low-
carbon electricity investment’s share in power investment, the proportion of the capacity of
thermal power plant retirements in total installed capacity of thermal power, direct power
transmission relationships between provinces, total power generation by province, and
share of low-carbon electricity to total electricity generated in each province can be derived
from the data from China electricity council [68–72]. GDP (gross domestic product) and
relevant GDP index are from the China Statistical Yearbook [81–85]. We convert GDP at
current prices to GDP at constant (2015) prices. Power price is obtained from the China
Electric Power Yearbook [86–89] and it is also deflated based on the 2015 constant price
by producer price indices for power industry by region. Price indices can be obtained
from the China Price Statistical Yearbook [90–94]. Due to a lack of power price data
for 2019, the power prices from 2015 to 2018 are averaged. Statistics on China’s green
patents related to electricity come from CnOpenData’s green patent sub-region statistics
(www.cnopendata.com, accessed on 14 March 2022).

4. Results and Discussion
4.1. Changes in Metal and GHG Embodied in Electricity Consumption

We estimated several metals (Cu, Ni, Cr, and Zn) requirement and GHG emissions of
electricity consumption in China from 2015 to 2019. A 27.3% increase (from 5693.5 TWh
to 7248.4 TWh) in electricity usage caused a growth in associated metal demand by 74.2%
(from 0.23 Mt to 0.40 Mt), and an 18.9% increase in GHG emissions (from 3569 Mt to
4243 Mt). For the specific metals, Cu and Zn saw significantly larger increases of 171%
and 137%, respectively. Ni and Cr also increased by 31% and 71% (Table S4). Moreover,
there was an upward trend in metal intensity of electricity consumption in the period
from 2015 to 2019 (from 40 t/TWh to 55 t/TWh), yet there was a downward trend in GHG
intensity (from 627 Kt/TWh to 585 Kt/TWh) (Table S5). The increase in metal intensity
occurred for each metal we studied, with the most significant increase in copper intensity
(from 7.94 t/TWh to 16.92 t/TWh) (Figure 1). These results indicate weak decoupling of
electricity consumption increases and associated GHG emissions. However, decoupling is
always accompanied by a rising reliance on metals, caused by an increase in the share of
solar and wind power in the electricity consumption mix.

www.cnopendata.com
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Figure 1. Metal and GHG intensity of electricity consumption in the period from 2015 to 2019.

Metal or GHG intensity of electricity consumption in a province is defined as metal
requirement or GHG emissions embodied per unit of electricity consumption in a province.
Metal or GHG intensity of electricity production is defined as metal requirement or GHG
emissions caused per unit of electricity production in a province. Thus, the metal or GHG
intensity of electricity consumption can truly reflect a province’s dependence on metal or
carbon. However, we find that the gap between environmental load intensities of electricity
generation and consumption exists in many provinces. See SI for details by province.

4.2. Trends of Inter-Provincial Metal and GHG Transfers in China

The gap between the environmental load intensities of electricity production and
consumption is caused by environmental load transfers embodied in the electricity trade.
In 2015, total transferred metal including Cu, Ni, Cr, and Zn embodied in cross-province
electricity trade was 31.96 Kt, accounting for 14% of the metal requirement of national
power consumption. In 2019, total transferred metal volume had more than doubled to
71.22 Kt, accounting for 18% of the metal requirement of national power consumption.
Furthermore, the total GHG transfer embodied in the electricity trade increased by 48%,
from 455 Mt (13% of the GHG emission of national power consumption) in 2015 to 672 Mt
(16% of the GHG emission of national power consumption) in 2019, displaying a growth
rate slower than total metal transfer. For more details including individual metal transfer,
see Tables S6–S11.

We further summarize transfer pathways for both metal and GHG emission flows.
The results demonstrate that metal and GHG emissions were generally transferred from
western and central China to the eastern coast. The flow of the individual metal exhibits
similar characteristics with the total; therefore, we analyze the transfer of the sum of metals.
In Figure 2, the 20 highest transfers of metal and GHG in 2015 and 2019 are illustrated
to identify the changing trend of the flows. The transferred volume of metal of the top
20 metal flows was more than 70% and 60% of the total transferred volume in 2015 and
2019, respectively, and so was GHG flow volume. With 5 years of change in the volume and
structure of electricity trade, the key transfer pathways had demonstrated a rapid increase
in their embodied metal flows. Metal transfer from Inner Mongolia to Hebei, the largest
flow, had increased by 15%. However, in terms of GHG transfers, this period witnessed a
decline of GHG emission flow in several key pathways such as Inner Mongolia to Hebei,
Guizhou to Guangdong, Shanxi to Hebei, etc. (the pathways in orange in Figure 2). In the
pathway with the largest flow, Inner Mongolia to Hebei, GHG emission embodied in the
electricity transfer declined by 5%, from 56.7 Mt to 53.7 Mt. This was caused by the rising
share of low-carbon power in the electricity trade. We can infer that a great increase in the
proportion of low-carbon power in major electricity transmission channels can mitigate
environmental inequities caused by GHG transfers between regions.
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The abbreviations of the provinces are shown in Table S1.

4.3. Characteristics of Metal and GHG Transfer Networks

Figure 3 shows that Inner Mongolia and Hebei were the most important exporter
and importer, respectively, of embodied metal and GHG emissions. During the period
from 2015–2019, the out-strength of several provinces, including Inner Mongolia, Shanxi,
and Ningxia, in the metal transfer network, had a significant upward trend, while most
other provinces had only a slight increase. The in-strength of most provinces in the metal
transfer network also witnessed a growth, especially Zhejiang, Guangdong, Jiangsu, and
Shandong, which experienced a rapid climb. Compared to the upward trend of out-strength
in metal transfer network, the out-strength of most provinces in the GHG transfer network
demonstrated more moderate growth. However, the in-strength of most provinces in
the GHG transfer network did not show a sharp ascent, and it is worth reporting that
some regions such as Hebei and Beijing even displayed a slight decline during the study
period. Especially for, Hebei, acting as the largest GHG importer and net importer, the
inflow reduced by 4% from 100.80 Mt to 96.89 Mt and net inflow also declined by 11% to
74.57 Mt. In terms of the metrics of the whole network, the average weighted degree of
the metal transfer network was more than ten percentage points faster than the growth of
the average weighted degree of the GHG transfer network (Table S12). The direct cause
behind the change in metal and GHG network is known to be the variation in electricity
trade. However, the same change in electricity trade enhanced the embodied metal transfer
network greatly while indicating the potential to suppress the growth of embodied GHG
transfer network.
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Figure 3. Out-strength and In-strength of provinces (nodes) in metal or GHG transfer network from
2015 to 2019.

The abbreviations of the provinces are shown in Table S1.
Based on the modularity algorithm, the community division from 2015 to 2019 is

shown in Tables 2 and 3. The nodes are divided into five or six communities. The com-
munity division results for metal and GHG networks show high similarity due to the
underlying electricity trade relationship. Even though certain provinces (e.g., Ningxia,
Shaanxi, Hunan) belonged to different communities during the study period, the commu-
nity structure was still regarded as stationary during the networks’ evolution, with the
nodes/provinces most probably remaining in the same community. Five main communities
are discovered in the networks. We name them based on the location of most members in
the community (Tables 2 and 3).



Sustainability 2022, 14, 8898 12 of 19

Table 2. Community division of metal transfer network from 2015 to 2019.

Communities 2015 2016 2017 2018 2019

North
Beijing, Tianjin,
Hebei, Shanxi,

Inner Mongolia

Beijing, Tianjin,
Hebei, Shanxi,

Inner Mongolia,
Shaanxi

Beijing, Tianjin,
Hebei, Shanxi,

Inner Mongolia,
Shaanxi

Beijing, Tianjin,
Hebei, Shanxi,

Inner Mongolia

Beijing, Tianjin,
Hebei, Shanxi,

Inner Mongolia,
Liaoning, Jilin,
Heilongjiang

Northeast Liaoning, Jilin,
Heilongjiang

Liaoning, Jilin,
Heilongjiang

Liaoning, Jilin,
Heilongjiang

Liaoning, Jilin,
Heilongjiang

Southeast

Shanghai, Jiangsu,
Zhejiang, Anhui,
Fujian, Jiangxi,

Hubei, Chongqing,
Sichuan

Shanghai, Jiangsu,
Zhejiang, Anhui,
Fujian, Jiangxi,

Hubei, Chongqing,
Sichuan

Shanghai, Jiangsu,
Zhejiang, Anhui,
Fujian, Jiangxi,

Shandong, Hubei,
Chongqing,

Sichuan, Ningxia

Shanghai, Jiangsu,
Zhejiang, Anhui,
Fujian, Jiangxi,

Shandong, Hubei,
Chongqing,

Sichuan, Ningxia

Shanghai, Jiangsu,
Zhejiang, Anhui,
Fujian, Jiangxi,

Shandong, Hubei,
Chongqing,

Sichuan, Ningxia

South

Guangdong,
Guangxi, Hainan,
Guizhou, Yunnan,

Hunan

Guangdong,
Guangxi, Hainan,
Guizhou, Yunnan,

Hunan

Guangdong,
Guangxi, Hainan,
Guizhou, Yunnan

Guangdong,
Guangxi, Hainan,
Guizhou, Yunnan

Guangdong,
Guangxi, Hainan,
Guizhou, Yunnan

West-(1)

Shaanxi,
Shandong,

Ningxia, Tibet,
Gansu, Qinghai

Henan, Xinjiang,
Tibet, Gansu,

Qinghai

Henan, Xinjiang,
Tibet, Gansu,

Qinghai, Hunan

Henan, Xinjiang,
Hunan, Tibet,

Shaanxi, Gansu,
Qinghai

Hunan, Tibet,
Shaanxi, Gansu,

Qinghai

West-(2) Henan, Xinjiang Shandong, Ningxia Henan, Xinjiang

Table 3. Community division of GHG transfer network from 2015 to 2019.

Communities 2015 2016 2017 2018 2019

North

Beijing, Tianjin,
Hebei, Shanxi,

Inner Mongolia,
Shaanxi

Beijing, Tianjin,
Hebei, Shanxi,

Inner Mongolia,
Shaanxi

Beijing, Tianjin,
Hebei, Shanxi,

Inner Mongolia,
Shaanxi

Beijing, Tianjin,
Hebei, Shanxi,

Inner Mongolia,
Shaanxi

Beijing, Tianjin,
Hebei, Shanxi,

Inner Mongolia,
Shaanxi

Northeast Liaoning, Jilin,
Heilongjiang

Liaoning, Jilin,
Heilongjiang,

Shandong, Ningxia

Liaoning, Jilin,
Heilongjiang

Liaoning, Jilin,
Heilongjiang

Liaoning, Jilin,
Heilongjiang

Southeast

Shanghai, Jiangsu,
Zhejiang, Anhui,
Fujian, Jiangxi,

Hubei, Chongqing,
Sichuan

Shanghai, Jiangsu,
Zhejiang, Anhui,
Fujian, Jiangxi,
Hubei, Sichuan

Shanghai, Jiangsu,
Zhejiang, Anhui,
Fujian, Jiangxi,
Hubei, Sichuan

Shanghai, Jiangsu,
Zhejiang, Anhui,
Fujian, Jiangxi,

Hubei, Chongqing,
Sichuan, Ningxia,

Shandong

Shanghai, Jiangsu,
Zhejiang, Anhui,
Fujian, Jiangxi,
Hubei, Sichuan,

Ningxia, Shandong

South

Guangdong,
Guangxi, Hainan,
Guizhou, Yunnan,

Hunan

Chongqing,
Guangdong,

Guangxi, Hainan,
Guizhou, Yunnan,

Hunan

Chongqing,
Guangdong,

Guangxi, Hainan,
Guizhou, Yunnan,

Hunan

Guangdong,
Guangxi, Hainan,
Guizhou, Yunnan,

Hunan, Tibet,
Gansu, Qinghai

Chongqing,
Guangdong,

Guangxi, Hainan,
Guizhou, Yunnan

West-(1)
Henan, Xinjiang,

Tibet, Gansu,
Qinghai

Henan, Xinjiang,
Tibet, Gansu,

Qinghai

Henan, Xinjiang,
Tibet, Gansu,

Qinghai

Hunan, Henan,
Xinjiang, Tibet,

Gansu,
Qinghai

West-(2) Shandong, Ningxia Shandong, Ningxia Henan, Xinjiang
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4.4. Influencing Factors on Metal and GHG Transfer Networks

According to QAP analysis results (Table 4), whether the dependent variable is metal
or a GHG transfer network, grid connection is the most influential factor, followed by the
difference in economic development and difference in power generation characteristic,
while the difference in decarbonization effort has a much weaker effect. The coefficient
of the grid connection is significantly positive at the 1% level and occupies the majority,
indicating that direct power transmission relationships between provinces play a significant
role in promoting the formation of metal and GHG transfer networks. Metal and GHG
transfer networks carry a positive relationship with GDP gap. This is because in order to
meet demand, developed regions need to buy more electricity from less-developed regions
where locally produced electricity cannot be consumed because of excessive production in
comparison to consumption. Meanwhile, more electricity trade volume represents more
embodied metal and GHG transfers. In terms of factors of difference in power generation
characteristic, we find the significant positive effect of difference in PP on metal and GHG
transfer networks, which shows that two provinces with significant power price differences
are more likely to form an electricity trade, contributing to metal and GHG flows. The
difference in PS shows a significantly negative impact on metal and GHG transfer networks.
We find that the provinces with high PS often have abundant low-carbon energy, while the
provinces with lower PS have access to adequate coal resources. This reduces the possibility
of electricity trade between the provinces and lowers the metal and GHG flows. PG has no
significant impact on the metal and GHG transfer networks.

Table 4. QAP results of factors influencing the embodied metal and GHG transfer networks.

Influencing Factors and Determination
Coefficients

QAP Regression Analysis
(Metal Transfer Network)

QAP Regression Analysis
(GHG Transfer Network)

Standardized
Coefficient

Significance
(p Value)

Standardized
Coefficient

Significance
(p Value)

Difference in
decarbonization

effort

PI 0.0689 * 0.084 0.0454 0.181
RC −0.0297 0.277 −0.0204 0.356
PT −0.0727 0.136 −0.0289 0.370

Difference in power
generation

characteristic

PG −0.0329 0.239 −0.0122 0.422
PS −0.1016 ** 0.013 −0.1195 *** 0.006
PP 0.1106 ** 0.033 0.0773 * 0.083

Difference in
economic

development
GDP 0.1418 ** 0.012 0.0976 * 0.055

Grid connection RE 0.5452 *** 0.000 0.5284 *** 0.000

R2 0.327 0.311
Adjusted R2 0.322 0.306

*** p < 0.01; ** p < 0.05; * p < 0.1.

Interestingly, as a factor of difference in decarbonization effort, the coefficient of PI
difference is positive when the dependent variable is the metal transfer network. There is a
non-significant result about the coefficient of PI difference when the dependent variable
is GHG transfer network. This finding suggests that the provincial difference regarding
low-carbon electricity investment strengthens the embodied metal flows to some extent
while insignificantly affecting the GHG transfers. Reviewing the related data, many net
electricity exporting provinces are found to have a high share of low-carbon electricity in
the power generation investment mix. For example, the provinces of Shanxi, Xinjiang, etc.,
received more low-carbon electricity investment proportion than the corresponding elec-
tricity importing provinces (Jiangsu, Henan, etc.). This could facilitate the interprovincial
transmission of solar and wind electricity which is metal intensive but almost carbon free.
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In addition, the differences in RC and PT have no significant impact on the metal and GHG
transfer networks.

Under the carbon neutrality target, provinces tend to accelerate the development of
low-carbon electricity. It is proved that tremendous low-carbon electricity capacities should
be installed in areas where natural conditions are more suitable. Thus, through flexible
electricity trade among regions, the national average low-carbon electricity penetration
rate could be successfully improved [95]. Accordingly, there are bound to be gaps in the
degree of promotion of low-carbon energy in different provinces due to different resource
endowments, entailing that considerable interprovincial low-carbon electricity transmission
as well as metal transfer could be inevitable.

4.5. Discussion

In line with previous research [64,96], the results of this study for GHG transfer do
not support that the allocation of carbon reduction responsibility should be implemented
under the production-based framework. The consumption-based framework is regarded
as fairer. However, W. Li et al. argued that carbon reduction responsibility allocation
according to consumption-based criterion would encounter intricate calculations and “dou-
ble counting” issues; thereby, under this circumstance the consumption-based principle
was suggested as a supplement when allocating responsibility [62]. Although the scale
of GHG transfer embodied in electricity trade is shrinking in several key pathways with
the development of low-carbon electricity, similar to the declining of carbon flows em-
bodied in the interprovincial trade [63], the carbon emission outsourcing problems will
remain significant for decades to come. Thus, we suggest that provinces with close GHG
linkage within a community should form a partnership. For instance, the development of
China’s carbon credit market should be vigorously promoted. In this case, large electricity
consumers of Zhejiang can cooperate at the project level by providing funding and green
electricity technology to Ningxia and Anhui which are the main electricity suppliers of
Zhejiang to obtain certified emission reductions, as well as take the corresponding carbon
reduction responsibility. The provinces with different roles in the same community are
suggested to act in unison and take coordinated measures so that the flexibility of the
power system can be improved from the power supply side, the grid side, and the user
side. The above-mentioned cooperation between electricity consumers and producers
will promote the replacement of carbon-intensive traditional thermal power with climate
beneficial low-carbon electricity. Through collaboration, electricity consumers can bear
partial responsibility for reducing GHG emissions.

In addition to mature technology and a sufficiently flexible power system, achieving
high penetration of low-carbon electricity may also be affected by certain metals. The
embodied metal transfer analyses enlighten us to the fact that the embodied metal inflow
provinces have the responsibility to share the foreseeable risk associated with metal uti-
lization. Currently, there is no “metal credit market”. When metal resources are scarce,
a similar credit system for the vast amount of depletion of metals may appear for more
efficient usage of metals. In this case, large electricity consumers can invest in important
metal mining projects or metal recycling technology for achieving “certified metal sustain-
ability”. This is also a measure to share the metal supply-chain risks in the future, which
is significant for energy security. For example, the capital in Zhejiang is encouraged to
support the metal mining project of Jiangxi Copper which is a mining company located
in the area of the Southeast community. Moreover, school-enterprise coordination and
inter-enterprise cooperation mechanisms within a community should be established to help
the power plant be rationally designed, improve metal recovery technology and optimize
metal resource management for efficient metal utilization. It is worth noting that power
plant design and metal intensity are closely linked. For example, the increase in wind
turbine nameplate capacities can reduce the cost per unit of electricity but may represent
an increase in copper intensities [80,97].
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Comparing metal and GHG networks, we find that provinces presenting close metal
association usually exhibit strong GHG linkage. Moreover, the environment load transfer
trend and driving factors analyses prove that, even if the GHG transfers among provinces
tend to become weaker over time, the metal transfers will always exist and be even more
crucial. Accordingly, the long-term regional partnership aims for supporting low-carbon
electricity development are suggested to be established based on community division of
metal transfer networks. Suitable cooperation models and policies should be explored so
that the economic development can be facilitated by cheap, clean electricity. The North
and the Southeast communities are suggested as pilot zones, because Inner Mongolia and
Hebei of the North community have the largest out-strength and in-strength, respectively.
Ningxia and Zhejiang in the Southeast community also have high out-strength and in-
strength growth trends, respectively. In addition, the embodied metal and GHG transfer
studied in this research is just part of the metal extraction cycles and carbon flows. It
will be a voluminous but meaningful task to integrate provincial electricity production
and consumption into the world’s supply chains and ecosystems. Certainly, with the
advancement of digital technology, both metal and GHG transfer data should be tracked
more precisely so that more equitable policies based on consumption-based criterion can
be designed holding stakeholders accountable for the green future.

5. Conclusions

This study applies the QIO model to analyze metal and GHG emissions embodied in
the cross-provincial electricity transmission in China. The driving factors that contributed
to the metal and GHG emission transfers are also explored through the QAP method.
Several conclusions can be drawn from the study:

First, embodied metal and GHG always flow from the resource-rich western provinces
to the economically developed eastern provinces. During the study period, changes in the
electricity trade have resulted in a significant increase in embodied metal transfer volume,
much higher than the growth rate of embodied GHG transfer volume. Further, networks
analyses reveal that the change in electricity trade strengthens the metal transfer network
and has the potential to weaken the GHG transfer network. Though GHG linkage among
provinces has remained an important issue for a long time, metal linkage should be of great
concern in the future.

Second, the difference in low-carbon electricity investment between provinces helps
increase the metal transfers while failing to affect the GHG transfers. Power system
decarbonization cannot be achieved by indiscriminate promotion of low-carbon electricity
across provinces, and tremendous low-carbon electricity capacity should be newly installed
in the areas with resource advantages. As a consequence of this fact, differences in power
investment structure will exist for a long time, which will further boost the embodied
metal flows.

Finally, close environmental linkage between provinces implies that decarbonization
of the power system requires regional cooperation. The long-term regional partnership
aims for achieving high penetration of low-carbon electricity are suggested to establish
based on community division of metal transfer network. The communities of the North and
the Southeast are recommended to be set as the pilot area to explore the cooperative mode
for technology breakthroughs, grid flexibility improvement, and related metal security
guarantee. Specifically, the cooperation of a pair of provinces with the largest environmental
linkage within a community, such as Inner Mongolia and Hebei in the North community
and Ningxia and Zhejiang in the Southeast community, should play a leading role in
the community.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/su14148898/s1.

Author Contributions: Conceptualization, Y.H. and W.X.; data curation, Y.H. and H.H.; Formal
analysis, Y.H.; funding acquisition, Y.H. and W.X.; investigation, Y.H. and C.L.; methodology, Y.H.;

https://www.mdpi.com/article/10.3390/su14148898/s1


Sustainability 2022, 14, 8898 16 of 19

project administration, W.X.; resources, Y.H. and X.D.; software, Y.H.; supervision, W.X.; validation,
Y.H. and W.X.; visualization, H.H.; writing—original draft, Y.H.; writing—review and editing, Y.H.
and H.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research is funded by grants from National Natural Science Foundation of China
(Nos. 42101286, 41901252, and 41971265), Zhejiang Provincial Natural Science Foundation of China
(Nos. LQ22G030020 and LR20G030003), and Youth Innovation Project of China Southern Power Grid
Energy Development Research Institute.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The anonymous reviewers are gratefully acknowledged for their contribution to
the review process.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. IEA. An Energy Sector Roadmap to Carbon Neutrality in China; International Energy Agency: Paris, France, 2021.
2. IEA. Net Zero by 2050 A Roadmap for the the Global Energy Sector; International Energy Agency: Paris, France, 2021.
3. Li, Y.; Lan, S.; Ryberg, M.; Pérez-Ramírez, J.; Wang, X. A quantitative roadmap for China towards carbon neutrality in 2060 using

methanol and ammonia as energy carriers. iScience 2021, 24, 102513. [CrossRef] [PubMed]
4. IEA. World Energy Outlook Special Report-the Role of Critical Minerals in Clean Energy Transitions; International Energy Agency: Paris,

France, 2021.
5. Wang, P.; Li, N.; Li, J.; Chen, W.-Q. Metal-energy nexus in the global energy transition calls for cooperative actions. In The Material

Basis of Energy Transitions; Academic Press: Cambridge, MA, USA, 2020; pp. 27–47. [CrossRef]
6. Tokimatsu, K.; Wachtmeister, H.; McLellan, B.; Davidsson, S.; Murakami, S.; Höök, M.; Yasuoka, R.; Nishio, M. Energy modeling

approach to the global energy-mineral nexus: A first look at metal requirements and the 2 ◦C target. Appl. Energy 2017, 207,
494–509. [CrossRef]

7. Watari, T.; Nansai, K.; Nakajima, K. Major metals demand, supply, and environmental impacts to 2100: A critical review. Resour.
Conserv. Recycl. 2021, 164, 105107. [CrossRef]

8. Wang, F.; Shackman, J.; Liu, X. Carbon emission flow in the power industry and provincial CO2 emissions: Evidence from
cross-provincial secondary energy trading in China. J. Clean. Prod. 2017, 159, 397–409. [CrossRef]

9. Wang, C.; Zhang, L.; Zhou, P.; Chang, Y.; Zhou, D.; Pang, M.; Yin, H. Assessing the environmental externalities for biomass- and
coal-fired electricity generation in China: A supply chain perspective. J. Environ. Manag. 2019, 246, 758–767. [CrossRef]

10. Zafirakis, D.; Chalvatzis, K.J.; Baiocchi, G. Embodied CO2 emissions and cross-border electricity trade in Europe: Rebalancing
burden sharing with energy storage. Appl. Energy 2015, 143, 283–300. [CrossRef]

11. Wang, L.; Fan, Y.V.; Jiang, P.; Varbanov, P.S.; Klemeš, J.J. Virtual water and CO2 emission footprints embodied in power trade:
EU-27. Energy Policy 2021, 155, 112348. [CrossRef]

12. Zhai, M.; Huang, G.; Liu, L.; Zheng, B.; Guan, Y. Inter-regional carbon flows embodied in electricity transmission: Network
simulation for energy-carbon nexus. Renew. Sustain. Energy Rev. 2020, 118, 109511. [CrossRef]

13. Valero, A.; Valero, A.; Calvo, G.; Ortego, A. Material bottlenecks in the future development of green technologies. Renew. Sustain.
Energy Rev. 2018, 93, 178–200. [CrossRef]

14. Elshkaki, A.; Shen, L. Energy-material nexus: The impacts of national and international energy scenarios on critical metals use in
China up to 2050 and their global implications. Energy 2019, 180, 903–917. [CrossRef]

15. Jowitt, S.M.; Mudd, G.M.; Thompson, J.F.H. Future availability of non-renewable metal resources and the influence of environ-
mental, social, and governance conflicts on metal production. Commun. Earth Environ. 2020, 1, 13. [CrossRef]

16. Weinzettel, J.; Wood, R. Environmental Footprints of Agriculture Embodied in International Trade: Sensitivity of Harvested Area
Footprint of Chinese Exports. Ecol. Econ. 2018, 145, 323–330. [CrossRef]

17. Wiedmann, T. A first empirical comparison of energy Footprints embodied in trade-MRIO versus PLUM. Ecol. Econ. 2009, 7,
1975–1990. [CrossRef]

18. Lv, K.; Feng, X.; Kelly, S.; Zhu, L.; Deng, M. A study on embodied carbon transfer at the provincial level of China from a social
network perspective. J. Clean. Prod. 2019, 225, 1089–1104. [CrossRef]

19. Gao, T.; Fang, D.; Chen, B. Multi-regional input-output and linkage analysis for water-PM2.5 nexus. Appl. Energy 2020, 268, 115018.
[CrossRef]

20. Zhang, W.; Liu, M.; Hubacek, K.; Feng, K.; Wu, W.; Liu, Y.; Jiang, H.; Bi, J.; Wang, J. Virtual flows of aquatic heavy metal emissions
and associated risk in China. J. Environ. Manag. 2019, 249, 109400. [CrossRef]

21. Plank, B.; Eisenmenger, N.; Schaffartzik, A.; Wiedenhofer, D. International Trade Drives Global Resource Use: A Structural
Decomposition Analysis of Raw Material Consumption from 1990-2010. Environ. Sci. Technol. 2018, 52, 4190–4198. [CrossRef]

http://doi.org/10.1016/j.isci.2021.102513
http://www.ncbi.nlm.nih.gov/pubmed/34142029
http://doi.org/10.1016/B978-0-12-819534-5.00003-9
http://doi.org/10.1016/j.apenergy.2017.05.151
http://doi.org/10.1016/j.resconrec.2020.105107
http://doi.org/10.1016/j.jclepro.2017.05.007
http://doi.org/10.1016/j.jenvman.2019.06.047
http://doi.org/10.1016/j.apenergy.2014.12.054
http://doi.org/10.1016/j.enpol.2021.112348
http://doi.org/10.1016/j.rser.2019.109511
http://doi.org/10.1016/j.rser.2018.05.041
http://doi.org/10.1016/j.energy.2019.05.156
http://doi.org/10.1038/s43247-020-0011-0
http://doi.org/10.1016/j.ecolecon.2017.11.013
http://doi.org/10.1016/j.ecolecon.2008.06.023
http://doi.org/10.1016/j.jclepro.2019.03.233
http://doi.org/10.1016/j.apenergy.2020.115018
http://doi.org/10.1016/j.jenvman.2019.109400
http://doi.org/10.1021/acs.est.7b06133


Sustainability 2022, 14, 8898 17 of 19

22. Han, M.; Dunford, M.; Chen, G.; Liu, W.; Li, Y.; Liu, S. Global water transfers embodied in Mainland China’s foreign trade:
Production- and consumption-based perspectives. J. Clean. Prod. 2017, 161, 188–199. [CrossRef]

23. Chen, W.; Kang, J.N.; Han, M.S. Global environmental inequality: Evidence from embodied land and virtual water trade. Sci.
Total Environ. 2021, 783, 146992. [CrossRef]

24. Costanza, R. Embodied energy and economic valuation. Science 1980, 210, 1219–1224. [CrossRef]
25. Wang, X.; Wei, W.; Ge, J.; Wu, B.; Bu, W.; Li, J.; Yao, M.; Guan, Q. Embodied rare earths flow between industrial sectors in China:

A complex network approach. Resour. Conserv. Recycl. 2017, 125, 363–374. [CrossRef]
26. Liang, S.; Wang, Y.; Zhang, T.; Yang, Z. Structural analysis of material flows in China based on physical and monetary input-output

models. J. Clean. Prod. 2017, 158, 209–217. [CrossRef]
27. Wang, F.; Li, Y.; Zhang, W.; He, P.; Jiang, L.; Cai, B.; Zhang, J.; Zhang, P.; Pan, H.; Jiang, H. China’s Trade-Off Between Economic

Benefits and Sulfur Dioxide Emissions in Changing Global Trade. Earth’s Future 2020, 8, e2019EF001354. [CrossRef]
28. Lin, J.; Pan, D.; Davis, S.J.; Zhang, Q.; He, K.; Wang, C.; Streets, D.G.; Wuebbles, D.J.; Guan, D. China’s international trade and air

pollution in the United States. Proc. Natl. Acad. Sci. USA 2014, 111, 1736–1741. [CrossRef] [PubMed]
29. Li, Y.; Han, M. Embodied water demands, transfers and imbalance of China’s mega-cities. J. Clean. Prod. 2018, 172, 1336–1345.

[CrossRef]
30. Liang, X.; Yang, X.; Yan, F.; Li, Z. Exploring global embodied metal flows in international trade based combination of multi-regional

input-output analysis and complex network analysis. Resour. Policy 2020, 67, 101661. [CrossRef]
31. Di, J.; Wen, Z.; Jiang, M.; Miatto, A. Patterns and Features of Embodied Environmental Flow Networks in the International Trade

of Metal Resources: A Study of Aluminum. SSRN Electron. J. 2022, 77, 102767. [CrossRef]
32. Chini, C.M.; Djehdian, L.A.; Lubega, W.N.; Stillwell, A.S. Virtual water transfers of the US electric grid. Nat. Energy 2018, 3,

1115–1123. [CrossRef]
33. Chini, C.M.; Stillwell, A.S. The changing virtual water trade network of the European electric grid. Appl. Energy 2020, 260, 114151.

[CrossRef]
34. Liu, L.; Yin, Z.; Wang, P.; Gan, Y.; Liao, X. Water-carbon trade-off for inter-provincial electricity transmissions in China. J. Environ.

Manag. 2020, 268, 110719. [CrossRef]
35. Qu, S.; Li, Y.; Liang, S.; Yuan, J.; Xu, M. Virtual CO2 Emission Flows in the Global Electricity Trade Network. Environ. Sci. Technol.

2018, 52, 6666–6675. [CrossRef] [PubMed]
36. Ma, L. Inter-provincial power transmission and its embodied carbon flow in China: Uneven green energy transition road to east

and west. Energies 2022, 15, 176. [CrossRef]
37. Zhao, Y.; Cao, Y.; Shi, X.; Wang, S.; Yang, H.; Shi, L.; Li, H.; Zhang, J. Critical transmission paths and nodes of carbon emissions in

electricity supply chain. Sci. Total Environ. 2021, 755, 142530. [CrossRef]
38. Kodra, E.; Sheldon, S.; Dolen, R.; Zik, O. The North American Electric Grid as an Exchange Network: An Approach for Evaluating

Energy Resource Composition and Greenhouse Gas Mitigation. Environ. Sci. Technol. 2015, 49, 13692–13698. [CrossRef] [PubMed]
39. Qu, S.; Wang, H.; Liang, S.; Shapiro, A.M.; Suh, S.; Sheldon, S.; Zik, O.; Fang, H.; Xu, M. A Quasi-Input-Output model to improve

the estimation of emission factors for purchased electricity from interconnected grids. Appl. Energy 2017, 200, 249–259. [CrossRef]
40. Peng, X.; Tao, X.; Zhang, H.; Chen, J.; Feng, K. CO2 emissions from the electricity sector during China’s economic transition: From

the production to the consumption perspective. Sustain. Prod. Consum. 2021, 27, 1010–1020. [CrossRef]
41. Qu, S.; Liang, S.; Xu, M. CO2 Emissions Embodied in Interprovincial Electricity Transmissions in China. Environ. Sci. Technol.

2017, 51, 10893–10902. [CrossRef]
42. Yao, T.; Geng, Y.; Sarkis, J.; Xiao, S.; Gao, Z. Dynamic neodymium stocks and flows analysis in China. Resour. Conserv. Recycl.

2021, 174, 105752. [CrossRef]
43. Li, Q.; Zhong, W.; Wang, G.; Cheng, J.; Dai, T.; Wen, B.; Liang, L.; Yang, Q. Material and value flows of iron in Chinese international

trade from 2010 to 2016. Resour. Policy 2018, 59, 139–147. [CrossRef]
44. van der Voet, E.; Heijungs, R.; Mulder, P.; Huele, R.; Kleijn, R.; van Oers, L. Substance flows through the economy and environment

of a region: Part II: Modelling. Environ. Sci. Pollut. Res. 1995, 2, 137–144. [CrossRef]
45. Kalmykova, Y.; Rosado, L.; Patrício, J. Resource consumption drivers and pathways to reduction: Economy, policy and lifestyle

impact on material flows at the national and urban scale. J. Clean. Prod. 2016, 132, 70–80. [CrossRef]
46. Nagashima, F. Critical structural paths of residential PM2.5 emissions within the Chinese provinces. Energy Econ. 2018, 70,

465–471. [CrossRef]
47. Li, Q.; Wu, S.; Lei, Y.; Li, S.; Li, L. Evolutionary path and driving forces of inter-industry transfer of CO2 emissions in China:

Evidence from structural path and decomposition analysis. Sci. Total Environ. 2021, 765, 142773. [CrossRef] [PubMed]
48. Defourny, J.; Thorbecke, E. Structural Path Analysis and Multiplier Decomposition within a Social Accounting Matrix Framework.

Econ. J. 1984, 94, 111–136. [CrossRef]
49. Lenzen, M. Structural path analysis of ecosystem networks. Ecol. Model. 2007, 200, 334–342. [CrossRef]
50. Liang, S.; Qu, S.; Xu, M. Betweenness-Based Method to Identify Critical Transmission Sectors for Supply Chain Environmental

Pressure Mitigation. Environ. Sci. Technol. 2016, 50, 1330–1337. [CrossRef]
51. Hanaka, T.; Kagawa, S.; Ono, H.; Kanemoto, K. Finding environmentally critical transmission sectors, transactions, and paths in

global supply chain networks. Energy Econ. 2017, 68, 44–52. [CrossRef]

http://doi.org/10.1016/j.jclepro.2017.05.024
http://doi.org/10.1016/j.scitotenv.2021.146992
http://doi.org/10.1126/science.210.4475.1219
http://doi.org/10.1016/j.resconrec.2017.07.006
http://doi.org/10.1016/j.jclepro.2017.04.171
http://doi.org/10.1029/2019EF001354
http://doi.org/10.1073/pnas.1312860111
http://www.ncbi.nlm.nih.gov/pubmed/24449863
http://doi.org/10.1016/j.jclepro.2017.10.191
http://doi.org/10.1016/j.resourpol.2020.101661
http://doi.org/10.1016/j.resourpol.2022.102767
http://doi.org/10.1038/s41560-018-0266-1
http://doi.org/10.1016/j.apenergy.2019.114151
http://doi.org/10.1016/j.jenvman.2020.110719
http://doi.org/10.1021/acs.est.7b05191
http://www.ncbi.nlm.nih.gov/pubmed/29738231
http://doi.org/10.3390/en15010176
http://doi.org/10.1016/j.scitotenv.2020.142530
http://doi.org/10.1021/acs.est.5b03015
http://www.ncbi.nlm.nih.gov/pubmed/26473284
http://doi.org/10.1016/j.apenergy.2017.05.046
http://doi.org/10.1016/j.spc.2021.02.024
http://doi.org/10.1021/acs.est.7b01814
http://doi.org/10.1016/j.resconrec.2021.105752
http://doi.org/10.1016/j.resourpol.2018.06.011
http://doi.org/10.1007/BF02987526
http://doi.org/10.1016/j.jclepro.2015.02.027
http://doi.org/10.1016/j.eneco.2018.01.033
http://doi.org/10.1016/j.scitotenv.2020.142773
http://www.ncbi.nlm.nih.gov/pubmed/33071138
http://doi.org/10.2307/2232220
http://doi.org/10.1016/j.ecolmodel.2006.07.041
http://doi.org/10.1021/acs.est.5b04855
http://doi.org/10.1016/j.eneco.2017.09.012


Sustainability 2022, 14, 8898 18 of 19

52. Kagawa, S.; Suh, S.; Hubacek, K.; Wiedmann, T.; Nansai, K.; Minx, J. CO2 emission clusters within global supply chain networks:
Implications for climate change mitigation. Glob. Environ. Chang. 2015, 35, 486–496. [CrossRef]

53. Maeno, K.; Tokito, S.; Kagawa, S. CO2 mitigation through global supply chain restructuring. Energy Econ. 2022, 105, 105768.
[CrossRef]

54. Tokito, S.; Kagawa, S.; Nansai, K. Understanding international trade network complexity of platinum: The case of Japan. Resour.
Policy 2016, 49, 415–421. [CrossRef]

55. Wu, R.; Geng, Y.; Dong, H.; Fujita, T.; Tian, X. Changes of CO2 emissions embodied in China-Japan trade: Drivers and implications.
J. Clean. Prod. 2016, 112, 4151–4158. [CrossRef]

56. Kim, T.J.; Tromp, N. Carbon emissions embodied in China-Brazil trade: Trends and driving factors. J. Clean. Prod. 2021,
293, 126206. [CrossRef]

57. Li, M.; Gao, Y.; Meng, B.; Yang, Z. Managing the mitigation: Analysis of the effectiveness of target-based policies on China’s
provincial carbon emission and transfer. Energy Policy 2021, 151, 112189. [CrossRef]

58. Zhong, Z.; Guo, Z.; Zhang, J. Does the participation in global value chains promote interregional carbon emissions transferring
via trade? Evidence from 39 major economies. Technol. Forecast. Soc. Change 2021, 169, 120806. [CrossRef]

59. Zhang, C.; Fu, J.; Pu, Z. A study of the petroleum trade network of countries along “The Belt and Road Initiative”. J. Clean. Prod.
2019, 222, 593–605. [CrossRef]

60. Bai, C.; Zhou, L.; Xia, M.; Feng, C. Analysis of the spatial association network structure of China’s transportation carbon emissions
and its driving factors. J. Environ. Manag. 2020, 253, 109765. [CrossRef]

61. Zheng, H.; Gao, X.; Sun, Q.; Han, X.; Wang, Z. The impact of regional industrial structure differences on carbon emission
differences in China: An evolutionary perspective. J. Clean. Prod. 2020, 257, 120506. [CrossRef]

62. Li, W.; Yang, M.; Long, R.; He, Z.; Zhang, L.; Chen, F. Assessment of greenhouse gasses and air pollutant emissions embodied in
cross-province electricity trade in China. Resour. Conserv. Recycl. 2021, 171, 105623. [CrossRef]

63. Mi, Z.; Meng, J.; Guan, D.; Shan, Y.; Song, M.; Wei, Y.M.; Liu, Z.; Hubacek, K. Chinese CO2 emission flows have reversed since the
global financial crisis. Nat. Commun. 2017, 8, 1712. [CrossRef]

64. Wang, Y.; Lei, Y.; Fan, F.; Li, L.; Liu, L.; Wang, H. Inter-provincial sectoral embodied CO2 net-transfer analysis in China based on
hypothetical extraction method and complex network analysis. Sci. Total Environ. 2021, 786, 147211. [CrossRef]

65. Blondel, V.D.; Guillaume, J.L.; Lambiotte, R.; Lefebvre, E. Fast unfolding of communities in large networks. J. Stat. Mech. Theory
Exp. 2008, 2008, P10008. [CrossRef]

66. Schultz, J.V.; Hubert, L. A Nonparametric Test for the Correspondence Between Two Proximity Matrices. J. Educ. Stat. 1976, 1,
59–67. [CrossRef]

67. Kabir, M.; Salim, R.; Al-Mawali, N. The gravity model and trade flows: Recent developments in econometric modeling and
empirical evidence. Econ. Anal. Policy 2017, 56, 60–71. [CrossRef]

68. China Electricity Council. Compilation of Statistical Data of Power Industry; China Electricity Council: Beijing, China, 2016.
69. China Electricity Council. Compilation of Statistical Data of Power Industry; China Electricity Council: Beijing, China, 2018.
70. China Electricity Council. Compilation of Statistical Data of Power Industry; China Electricity Council: Beijing, China, 2019.
71. China Electricity Council. Compilation of Statistical Data of Power Industry; China Electricity Council: Beijing, China, 2020.
72. China Electricity Council. Compilation of Statistical Data of Power Industry; China Electricity Council: Beijing, China, 2017.
73. de Koning, A.; Kleijn, R.; Huppes, G.; Sprecher, B.; van Engelen, G.; Tukker, A. Metal supply constraints for a low-carbon

economy? Resour. Conserv. Recycl. 2018, 129, 202–208. [CrossRef]
74. Watari, T.; McLellan, B.C.; Giurco, D.; Dominish, E.; Yamasue, E.; Nansai, K. Total material requirement for the global energy

transition to 2050: A focus on transport and electricity. Resour. Conserv. Recycl. 2019, 148, 91–103. [CrossRef]
75. World Nuclear Association Comparison of Lifecycle Greenhouse Gas Emissions of Various Electricity Generation Sources; WNA: London,

UK, 2011.
76. da Silva, G.A.; de Miranda Ribeiro, F.; Kulay, L.A. Hydropower life-cycle inventories: Methodological considerations and results

based on a brazilian experience. In Green Energy and Technology; Springer: London, UK, 2013; pp. 241–267. [CrossRef]
77. Dolan, S.L.; Heath, G.A. Life Cycle Greenhouse Gas Emissions of Utility-Scale Wind Power. J. Ind. Ecol. 2012, 16, S136–S154.

[CrossRef]
78. Ashby, M.F. Materials for low-carbon power. In Materials and the Environment; Elsevier: Amsterdam, The Netherlands, 2013;

pp. 349–413.
79. Peck, D.; Kandachar, P.; Tempelman, E. Critical materials from a product design perspective. Mater. Des. 2015, 65, 147–159.

[CrossRef]
80. Jesse, B.; Dexter, G. North American Wind Energy Copper Content Analysis; Navigant Consulting, Inc.: Chicago, IL, USA, 2018.
81. National Bureau of Statistics. China Statistical Yearbook; China Statistics Press: Beijing, China, 2016.
82. National Bureau of Statistics. China Statistical Yearbook; China Statistics Press: Beijing, China, 2017.
83. National Bureau of Statistics. China Statistical Yearbook; China Statistics Press: Beijing, China, 2018.
84. National Bureau of Statistics. China Statistical Yearbook; China Statistics Press: Beijing, China, 2019.
85. National Bureau of Statistics. China Statistical Yearbook; China Statistics Press: Beijing, China, 2020.
86. Yu, C. China Electric Power Yearbook; China Electric Power Press: Beijing, China, 2016.
87. Yu, C. China Electric Power Yearbook; China Electric Power Press: Beijing, China, 2017.

http://doi.org/10.1016/j.gloenvcha.2015.04.003
http://doi.org/10.1016/j.eneco.2021.105768
http://doi.org/10.1016/j.resourpol.2016.07.009
http://doi.org/10.1016/j.jclepro.2015.07.017
http://doi.org/10.1016/j.jclepro.2021.126206
http://doi.org/10.1016/j.enpol.2021.112189
http://doi.org/10.1016/j.techfore.2021.120806
http://doi.org/10.1016/j.jclepro.2019.03.026
http://doi.org/10.1016/j.jenvman.2019.109765
http://doi.org/10.1016/j.jclepro.2020.120506
http://doi.org/10.1016/j.resconrec.2021.105623
http://doi.org/10.1038/s41467-017-01820-w
http://doi.org/10.1016/j.scitotenv.2021.147211
http://doi.org/10.1088/1742-5468/2008/10/P10008
http://doi.org/10.3102/10769986001001059
http://doi.org/10.1016/j.eap.2017.08.005
http://doi.org/10.1016/j.resconrec.2017.10.040
http://doi.org/10.1016/j.resconrec.2019.05.015
http://doi.org/10.1007/978-1-4471-5364-1_11
http://doi.org/10.1111/j.1530-9290.2012.00464.x
http://doi.org/10.1016/j.matdes.2014.08.042


Sustainability 2022, 14, 8898 19 of 19

88. Yu, C. China Electric Power Yearbook; China Electric Power Press: Beijing, China, 2018.
89. Yu, C. China Electric Power Yearbook; China Electric Power Press: Beijing, China, 2019.
90. Department of Urban Society and Economic Statistics Producer Price Indices for Industrial Products by Branch and Region. In

China Price Statistical Yearbook; China Statistics Press: Beijing, China, 2016.
91. Department of Urban Society and Economic Statistics Producer Price Indices for Industrial Products by Branch and Region. In

China Price Statistical Yearbook; China Statistics Press: Beijing, China, 2017.
92. Department of Urban Society and Economic Statistics Producer Price Indices for Industrial Products by Branch and Region. In

China Price Statistical Yearbook; China Statistics Press: Beijing, China, 2018.
93. Department of Urban Society and Economic Statistics Producer Price Indices for Industrial Products by Branch and Region. In

China Price Statistical Yearbook; China Statistics Press: Beijing, China, 2019.
94. Department of Urban Society and Economic Statistics Producer Price Indices for Industrial Products by Branch and Region. In

China Price Statistical Yearbook; China Statistics Press: Beijing, China, 2020.
95. Liu, L.; Wang, Y.; Wang, Z.; Li, S.; Li, J.; He, G.; Li, Y.; Liu, Y.; Piao, S.; Gao, Z.; et al. Potential contributions of wind and solar

power to China’s carbon neutrality. Resour. Conserv. Recycl. 2022, 180, 106155. [CrossRef]
96. Su, B.; Ang, B.W. Input-output analysis of CO2 emissions embodied in trade: A multi-region model for China. Appl. Energy 2014,

114, 377–384. [CrossRef]
97. Shields, M.; Beiter, P.; Nunemaker, J.; Cooperman, A.; Duffy, P. Impacts of turbine and plant upsizing on the levelized cost of

energy for offshore wind. Appl. Energy 2021, 298, 117189. [CrossRef]

http://doi.org/10.1016/j.resconrec.2022.106155
http://doi.org/10.1016/j.apenergy.2013.09.036
http://doi.org/10.1016/j.apenergy.2021.117189

	Introduction 
	Literature Review 
	Materials and Methods 
	Quantifying Metal and GHG Transfers Embodied in Power Trade Based on QIO Model 
	Identifying Features of Metal and GHG Transfer Networks Based on Complex Network Theory 
	Exploring Factors Influencing Metal and GHG Transfer Networks Based on QAP Method 
	Materials 

	Results and Discussion 
	Changes in Metal and GHG Embodied in Electricity Consumption 
	Trends of Inter-Provincial Metal and GHG Transfers in China 
	Characteristics of Metal and GHG Transfer Networks 
	Influencing Factors on Metal and GHG Transfer Networks 
	Discussion 

	Conclusions 
	References

