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Abstract China’s aluminum (Al) production has relea-
sed a huge amount of greenhouse gas (GHG) emissions.
As one of the biggest country of primary Al production,
China must mitigate its overall GHG emission from its Al
industry so that the national carbon neutrality target can be
achieved. Under such a background, the study described in
this paper conducts a dynamic material flow analysis to
reveal the spatiotemporal evolution features of Al flows in
China from 2000 to 2020. Decomposition analysis is also
performed to uncover the driving factors of GHG emission
generated from the Al industry. The major findings include
the fact that China’s primary Al production center has
transferred to the western region; the primary Al smelting
and carbon anode consumption are the most carbon-
intensive processes in the Al life cycle; the accumulative
GHG emission from electricity accounts for 78.14% of the
total GHG emission generated from the Al industry;
China’s current Al recycling ratio is low although the
corresponding GHG emission can be reduced by 93.73% if
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all the primary Al can be replaced by secondary Al; and
the total GHG emission can be reduced by 88.58% if
major primary Al manufacturing firms are transferred from
Inner Mongolia to Yunnan. Based upon these findings and
considering regional disparity, several policy implications
are proposed, including promotion of secondary Al
production, support of clean electricity penetration, and
relocation of the Al industry.

Keywords aluminum, material flow analysis, GHG
(greenhouse gas) emissions, LMDI (logarithmic mean
divisa index)

1 Introduction

Aluminum (Al) is the most abundant metal element in the
earth’s crust and has become one of the most versatile,
pervasive, and inexpensive metals today [1]. Al is widely
used in transportation, construction, packaging, and other
sectors because of its excellent physical and chemical
properties, including low density, high tensile strength,
and remarkable corrosion resistance [2]. In addition, Al
weight is about one third of that of steel or copper,
making it the most used metal in human society after iron
[3]. However, the unit greenhouse gas (GHG) emission
of primary Al production is 12.4 times that of iron and
2.3 times that of copper due to the characteristics of its
smelting process [4], which poses great challenges to the
GHG emission reduction of the Al industry all over the
world.

With rapid economic development and continuous
improvement of people’s living standards, China’s
demand for Al is growing. China’s primary Al production
increased from 2.99 megatons (Mt) in 2000 to 37.08 Mt
in 2020 [5], and its proportion in the world increased
rapidly from 12.12% in 2000 to 56.79% in 2020 [6]. This
means that a large amount of GHG emissions were
generated from the Al industry in China. In 2013, the
GHG emission from China’s primary Al production was
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421 Mt, accounting for about 4% of the country’s total
GHG emission [7]. In 2017, approximately 547 Mt of
GHG were emitted from the whole life cycle of China’s
Al industry [8], accounting for about 6% of the country’s
total GHG emission [9]. To address climate change, the
Chinese government committed to peak its carbon emi-
ssion in 2030 and achieve carbon neutrality in 2060
[10,11]. Under such a circumstance, it is critical to take
necessary actions to mitigate the overall GHG emission
from China’s Al industry, one of the most energy and
emission intensive sectors.

Material flow analysis (MFA) is a useful method to
systematically account the flows and stocks of different
materials within specific spatial and temporal boundaries.
Such MFA results can help prepare policies to effectively
improve resource utilization and waste management so
that corresponding environmental impacts can be miti-
gated. MFA has been widely employed to present the
anthropogenic flows of Al in China in several studies.
For instance, Chen et al. conducted the first static MFA
to study China’s Al flows and established a framework to
analyze China’s Al cycles [12]. They then conducted a
dynamic MFA for the period of 2001-2007 to further
uncover the evolution features of Al metabolism in China
[13]. Wang and Graedel performed the first bottom-up
MFA to investigate China’s Al flows and presented a
detailed list for various Al-containing products [14].
Chen and Shi accounted China’s per capita Al in-use
stock by applying an MFA for the period of 1950-2009
[15]. Ding et al. evaluated the overall resource efficiency
of China’s Al industry for year 2013 by applying MFA
[16]. In summary, these previous studies focus on China’s
primary Al production and in-use stocks, but without
considering secondary Al supply, i.e., recycling Al from
scraps [17,18]. Regional analysis is often used to analyze
carbon emissions results [19,20], while few studies are
conducted focusing on the spatial evolution and regional
disparity of Al. In addition, these previous studies were
published several years ago and used quite old data.
Thus, they cannot reflect the most recent progress of
China’s Al industry.

Meanwhile, significant efforts have been made to
evaluate the global warming impact of China’s Al
production. Gao et al. quantified the GHG emission from
China’s primary Al production for year 2003 by using
life cycle assessment (LCA) [21]. Ding et al. recognized
the differences of energy consumptions and carbon emi-
ssions between primary and secondary Al production in
China [22]. Zhang et al. evaluated the impact of China’s
primary Al production processes on energy conservation
and identified the corresponding emission reduction
potential [23]. Yue et al. found that economic growth is
an important driving factor affecting energy consumption
and GHG emissions related with China’s primary Al
production [24]. Liu et al. assessed the impact of electri-
city structure and secondary Al production on GHG

emissions of primary Al production at the national level
[25]. Li et al. used system dynamics to predict the growth
trend of GHG emission from China’s primary Al industry
up to 2030 [26]. Zhang et al. updated the life cycle
inventory of China’s primary and secondary Al produ-
ction [27]. Li et al. forecasted the GHG emissions of
China’s Al metabolism until 2030 [8]. However, these
GHG emission-related studies do not consider the spatial
evolution characteristics of China’s Al cycles due to the
lack of connection with Al-related MFA studies, nor do
they consider regional disparity although regional
realities should be addressed when preparing the relevant
mitigation policies [28]. Therefore, the study described in
the present paper aims to fill the above research gaps by
conducting a dynamic MFA to examine the Al flows in
China from 2000 to 2020. After uncovering both tem-
poral and spatial evolution characteristics, it also identi-
fies the driving factors of corresponding GHG emissions
by employing a decomposition analysis method. Diffe-
rent from traditional decomposition method focusing on
economy and population, it decomposes the practical and
feasible effects refined from field investigations, inclu-
ding the effects of secondary Al production, electricity
structure, and regional disparity, so that valuable insights
can be obtained for preparing appropriate policies.

2 Methods and data

2.1 System boundary

The study described in the present paper combines both
the dynamic MFA method and the life cycle assessment
(LCA) method to account for China’s Al flows and
corresponding GHG emission for the period of 2000-
2020. MFA is frequently used to assess the past, present,
and future stocks and flows of metals in the anthropo-
sphere [29,30]. The Al life cycle includes four stages:
primary Al production (PAP), manufacturing and fabri-
cation (M&F), use (U), and secondary Al production
(SAP, referring to Al recycling) (Fig. 1). The PAP stage
includes bauxite mining (BM), Al refining (AR), and
primary Al smelting (PAS). Bauxite is mined in the BM
stage and refined as alumina at a high temperature in AR.
Alumina is then processed as primary Al with electrolysis
in PAS. The M&F stage includes semi-products and final
products processed by primary Al. The U stage is
essential for connecting the M&F stage and the SAP
stage in mathematical calculations of MFA although it is
excluded from GHG emissions accounting. Finally, Al
scraps are processed into secondary Al in the SAP stage.
The LCA method is applied to identify energy inputs at
different stages of China’s Al cycle. The study described
in the present paper only considers carbon emissions
directly generated by energy consumption from the Al
production, such as carbon emissions from diesel, resi-
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Fig. 1 System boundary of GHG emission and MFA in China’s Al cycle.

dual oil, gasoline, coal, and natural gas combustion and
embodied carbon emission from electricity consumption.
In addition, since the LCA framework in the study
described in the present paper is only linked with the Al
industry, it is not fully consistent with the MFA frame-
work. For example, the Al industry is not involved in the
anode production, this anode production is excluded from
the MFA boundary. However, it is included in the GHG
boundary because it provides necessities (carbon anodes
for electrolysis process) to the PAS stage. As such, the U
stage is excluded from the GHG emission boundary
because it is related to consumption behaviors, but not
relevant to the Al industry.

2.2 China’s Al flows

The law of matter conservation is the basis of MFA [31].
Al flows could be calculated from the mass flows of the
Al contained products, shown in Eq. (1). Equation (2)
shows the Al flows balance in each Al life stage. The Al
inflows of one stage must equal those of the same stage.

Xi = Ci X Mi,mass’ (1)

Xinput,j + Ximpon,j = Xoulpul,j + Xexporl,j + Xloss,j + Xslock,j» (2)

where i = 1, 2, ..., m, indicating various Al contained

products; j = 1, 2, ...,n, indicating different stages of Al
life cycle; c; is the Al concentration in product i; M; mass 1S
the mass flow of product i; X; is the pure Al flow of
product 7; Xinput, is the Al outflow from stage j—1; Ximport,
is the Al contained product imported into stage j; Xoutput,/
is the Al mass flow to stagej + 1; Xexport, 1S the Al contained
product generated from stage j but exported to other
regions; Xjoss, is the Al loss from stage j; and Xock, is the
Al mass flow of stage j to stocks.

2.3 Energy consumption and GHG emission related to
China’s Al production

The energy consumption generated from China’s Al
production was calculated by using the LCA framework,
in which the coal, natural gas, gasoline, diesel, residual
oil, and electricity consumption are included [32]. Equa-
tion (3) shows the calculation of the energy consumption
of China’s Al industry in year y, while Egs. (4)—(6) show
the calculation of the GHG of China’s Al industry in year y:

E =) a;x 0y, 3)

GHG, =Y GHG,,+ ) GHGuwserysr  (4)
J k
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GHG,, =f,xQ,, (5)

GHGeleclricily,k,y = GEFeleclricily,k,y X EleCtriCityk,y’ (6)

where i = 1, 2, ...,6, indicating the coal, natural gas,
gasoline, diesel, residual oil, and electricity consumption;

=1, 2, ...,5, indicating the coal, natural gas, gasoline,
diesel and residual oil; y is the selected year in the study
period; k is the selected province in the study; E, is the
total energy consumption of China’s Al industry in year
y; a; 1s the average low calorific value of energy source i;
0, is the consumed energy amount from source 7 in year
v; GHG, is the total GHG emission from China’s Al
industry in year y; GHG;, is the GHG emission from
energy source j in year y; GHGelectricity,ry 1S the GHG
emission from electricity consumption in province k in
year y; f; is the coefficient of carbon emission of energy
source j; GEFelectricity kv 15 the GHG emission factor of the
power system in province k in year y; and Electricityy is
the electricity consumption of the Al industry in province
kin year y.

Different provinces have different GHG emission
factors (GEF). The formula of GEFjectricity k,y 1S €xpressed
in Eq. (7). The electricity transfer among different
provinces is excluded due to the existence of captive
power plants. Al industries upload their electricity from
their own captive power plants to local power grids in
order to purchase electricity from local power grids with
extremely low prices, which means that they do not need
to purchase electricity from other provinces,

Zzﬁl X Qiy
kth’} ’

where [ is the type of energy sources consumed for power
generation; §; is the coefficient of carbon emission of
energy source /5 Oy, is the consumed energy amount
from source / for power generation in province k in year
v; and kWhy,, is the total electricity generation in province
kin year y.

A cradle-to-grave perspective is adopted in the LCA
framework of the study described in the present paper.
The PAP stage, the M&F stage, and the SAP stage were
taken into consideration when calculating the energy
consumption and corresponding GHG emission of China’s
Al industry, while the U stage was excluded because it
belongs to consumer behaviors rather than industrial
production. GEFeiectricity,ky Was used to calculate GHG
emissions in the PAP stage and the M&F stage. The
average GEF of the national power system was used to
calculate the GHG emissions in the SAP stage due to a
lack of province-specific data for secondary Al produ-
ction. The anode production is regarded as a part of PAS
when accounting the corresponding GHG emission.

GEFele(.muty k,y (7)

2.4 Decomposition analysis

The study described in the present paper utilizes the
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logarithmic mean divisa index (LMDI) method to
uncover the driving factors of Al production-related GHG
emission at the province level. The LMDI decomposition
method is widely applied to identify the drivers of CO,
emission changes [33] due to its advantages of no
residual terms and aggregation consistency [34]. The
PAS stage is selected for this decomposition analysis
because of data integrity and representativeness. GHG
emissions are generated from primary Al smelting and
anode production in the PAS stage. The electricity stru-
cture, industrial distribution, secondary Al production
ratio, and Al demand are the key driving factors that can
affect China’s Al production-related GHG emission. The
Al demand effect (ADE) is one positive driving factor
that increases GHG emission, while the -electricity
structure effect (ESE), industrial distribution effect (IDE),
and SAP ratio effect (SRE) are negative factors and can
mitigate GHG emission. These driving factors are refined
from the spatiotemporal evolution features of China’s Al
industry, and the application of such a LMDI method can
help identify their contributions to mitigating GHG
emission in different historical periods. Equations (8)—
(14) present the application of the LMDI method,

GHG;=GEF;x PAP, X — pAP XTAP'
PAP' " TAP'
= ESE;xXIDE;xSRE' X ADE', ®)
In(GHG') = In(ESE') + In(IDE")
+In(SRE") +In(ADE"), )
AGHG'™" = GHG' -~ GHG"" = AESE'™"
+AIDE™ + ASRE™ + AADE™,  (10)
Apsp-n - _ OHG ~GHG! ESE' an
" T In(GHG)—n(GHG") "\ ESE"
GHG;-GHG? IDE;
AIDE™ = (12)
" T In(GHG)—In(GHG") * "\IDE"
t—m GHG: - GHGlm SREt
ASRE"™ = - (13)
In(GHG)—In(GHG") "\ SRE"
g — _ GHG,~GHG] (ADE' (14)
~ In(GHG)—In(GHG?) ~ "\ADE" )’

where i is the investigated province; ¢ and m represents
year ¢ and year m in the study period, respectively; GHG/
is the GHG emission generated from the PAS stage in
province i in year t; GEF} is the GEF of the PAS in
province i in year ¢, which could be regarded as electri-
city structure effect (ESE) because electricity is the main
energy consumption of the PAS; PAP//PAP' is the
proportion of the PAP in province i in year ¢, which could



298

be regarded as the industrial distribution effect (IDE);
PAPYTAP' is the proportion of the PAP in the total
primary Al production (TAP) in year ¢, which could be
regarded as the SAP ratio effect because the amount of
the TAP equals the amount of the PAP and the SAP; and
TAP! is the total Al production in year #, which could be
regarded as the Al demand effect because the total
amount of the imports and exports in the PAS stage is
neglectable compared with the primary Al production.

2.5 Uncertainty analysis

Both Gauss’s law of error propagation and Monte Carlo
simulation can be applied to evaluate the uncertainties in
the MFA framework [35]. Monte Carlo simulation is
more useful if the data are not normally distributed or if
deviations are too large, while the error propagation
formula are more convenient if data sources are more
reliable. The study described in the present paper adopts
the error propagation formula for uncertainty analysis
since the data of the Al flows have been verified by
previous literatures. Equation (15) shows the error
propagation formula, while Eq. (16) shows the error
propagation formula in additional multiplication:

X= Zuf,

i

X= Zu,-,

where i =1, 2,...,k, representing the number of independent
variable; u represents the uncertainty of the independent
variable, with values of 2%, 5%, and 10%, depending on
data sources; and X represents the uncertainty of the
dependent variable.

(15)

(16)

2.6 Data sources

The Yearbooks of Nonferrous Metals Industry of China
(2000-2018) are the main data sources for China’s Al
flows and energy consumption in the study described in
the present paper. Other public sources, such as the
websites related to Al production, provide the additional
information and data. Necessary coefficients for China’s
Al production are obtained from the International Al
Institute (IAI), and several relevant papers [36—39]. The
data related to electricity structure are obtained from the
China Electric Power Yearbooks (2000-2017) and the
National Bureau of Statistics (2018-2020). The GEF
values are calculated from the China Energy Statistical
Yearbooks (2000-2020). Tables S1 and S2 in Electronic
Supplementary Material (ESM) list the data sources in
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detail. The uncertainty analysis results of MFA are
presented in Fig. S1 in the ESM. The GEF of primary Al
production in the study described in the present paper and
other relevant studies are listed in Table S5 in the ESM.
The GHG emission of the Al industry from other relevant
studies are listed in Table S6 in the ESM.

3 Results and discussion
3.1 Spatiotemporal evolution features of China’s Al flows

Figure 2 demonstrates the Sankey diagram of China’s
cumulative Al flows from 2000 to 2020. Table S3 in the
ESM presents the detailed flow data of China’s Al cycle.
In total, 383.87 Mt of primary Al and 81.99 Mt of
secondary Al were consumed in China in the last two
decades, in which the ratio of the secondary Al (SAR) to
the total Al is only 17.60%. To meet the soaring Al
demand, China imported 244.15 Mt of Al and 205.19 Mt
of bauxite, leading to the fact that the primary Al external
dependency rate reached 54.34%. In the SAP stage,
China consumed 92.53 Mt of Al scraps, including 39.67
Mt of imported scraps and 52.86 Mt of domestic scraps.
In the M&F stage, China imported 11.98 Mt of Al and
exported 85.53 Mt of Al through Al-containing products
(ACPs) trade. In terms of China’s Al consumption struc-
ture, the building and construction (BC) sector (111.11 Mt)
was the dominant Al consumption sector, followed by the
transportation (TR, 78.48 Mt), the electrical engineering
(EE, 53.71 Mt), the machinery and equipment (ME,
39.90 Mt), containers and packaging (CP, 28.47 Mt), and
the consumer durables (CD, 28.46 Mt). Taking the year
2000 as the baseline year, the cumulative in-use stock
reached 363.63 Mt in 2020, of which 52.14% were
stocked in building and construction, and transportation
sectors.

The spatiotemporal evolution features of China’s Al
flows are illustrated in Fig. 3. China’s TAP, including the
PAP and the SAP, has increased steadily from 3.74 Mt in
2000 to 44.40 Mt in 2020. However, the secondary Al
ratio (SAR) fluctuated and ranged from 15% to 20%
(Fig. 3(a)). Although China’s SAP had increased from
0.75 Mt in 2000 to 7.55 Mt in 2020, the low SAR
indicated that secondary Al was not widely used in
various sectors.

Figure 3(b) exhibits China’s Al in-use stock from 2000
to 2020. China’s Al in-use stock had increased from 4.18
Mt in 2000 to 35.01 Mt in 2020, with an annual growth
rate of 11.21%. The BC sector and the TR sector are the
top two Al consumption sectors, accounting for almost
50% of the total Al consumption. In particular, the annual
growth rate of the BC sector is 10.20%, lower than the
average growth rate, while the annual growth rate of the
TR sector is 15.08%, which is the highest of all the
relevant sectors. Besides, the annual growth rate of the
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Fig. 2 China’s cumulative Al flows from 2000 to 2020 (import flow (green), export flow (pink), production flow (yellow), loss flow

(red), reuse flow (gray), and stock flow (blue)).

CP sector and the EE sector is 14.59% and 14.20%,
respectively. The annual growth rate of the ME sector is
the lowest, which is 6.96%.

Figure 3(c) presents the regional distributions of bau-
xite reserves, alumina production, primary Al production,
and semi-products between 2010 and 2020. Due to the
concerns on storage and transportation costs, China’s Al
industry mainly locate in those provinces with bauxite
reserves. Shandong is one exception because this
province has many seaports and can rely on bauxite
import. Currently, Shandong, Shanxi, Henan, and
Guangxi are major primary Al production centers.

Geographically, north-west China is the production
center of the primary Al while south-east China is the
production center of Al semi-products. The Hu line (or
the Heihe-Tengchong line, a straight line connecting
Heihe City in Heilongjiang and Tengchong City in
Yunnan) divides primary Al production and consumption
places. North-west China has become China’s PAP
center because of its abundant natural resources, especi-
ally coal for electricity generation. South-east China has
become China’s primary Al consumption center and
semi-products production center because of its large
population and diversified industrial development [40].
For example, Henan, located in central China, produced
3.72 Mt of primary Al and 3.44 Mt of Al semi-products
in 2010, while the PAP decreased to 1.70 Mt and the
semi-products production increased to 8.40 Mt in 2020.
The PAP in Xinjiang and Inner Mongolia, both located to
the west of the Hu Line, increased dramatically from
2010 to 2020. In 2010, there were almost no primary Al
industries in Xinjiang and only 1.66 Mt of primary Al
were produced in Inner Mongolia. However, such figure
reached 5.82 Mt and 5.62 Mt in Xinjiang and Inner
Mongolia in 2020, respectively. Similarly, Yunnan,

located in south-west China, increased its PAP from 0.77
Mt in 2010 to 2.44 Mt in 2020, partly due to its rich
hydropower. Another key feature is that the PAP of
Shandong increased quickly due to its high bauxite
import. But the price of imported bauxite is higher than
that of domestic bauxite, thus Shandong had to extend its
Al industrial chain to gain its competitive advantage in
the markets.

3.2 GHG emission of China’s Al cycle

3.2.1 Overview of Al-related energy consumption and
GHG emissions

The results of China’s energy consumption in the Al
industry are illustrated in Fig. 4(a). It shows that the
accumulative energy consumption of China’s Al cycle
reached 36.39 EJ during 2000-2020, of which 57.57%
was from electricity consumption and 31.50% was from
coal consumption. From a life cycle perspective, the PAP
stage consumed 31.60 EJ, in which the BM stage
consumed 0.17 EJ, the AR stage consumed 10.83 EJ, the
anode production stage consumed 1.78 EJ, and the PAS
stage consumed 18.80 EJ. The M&F stage consumed
4.04 EJ and the SAP stage consumed 0.76 EJ. The
average energy consumption factor (ECF) of Al in PAP
was 79.33 kJ/g and the ECF of Al in SAP was 9.22 kJ/g
in the period of 2000-2020.

Figure 4(b) manifests the accumulative GHG emission
of China’s Al cycle. Such a figure reached 6256.96 Mt
CO; during 2000-2020, in which 78.14% was from
consumed electricity and 17.31% was from coal
combustion. From a life cycle perspective, 91.05% of the
total GHG emission was generated in the PAP stage, in
which GHG emissions generated from PAS and anode
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production contributed 73.47% of the total accumulated
GHG emission. 486.24 Mt of CO, and 73.59 Mt of CO,
were generated in M&F and SAP, respectively. The
average GEF of Al in PAP was 14.3 (the mass ratio of
carbon dioxide to Al, g-CO,/g-Al), while the average
GEF of Al in SAP was 0.9. Especially, the overall GHG
emission can be reduced by 93.73% if all the Al can be
supplied by the secondary Al.

3.2.2 GHG emission reduction potential in PAS

Figure 5(a) depicts the GHG emissions of China’s Al
cycle from 2000 to 2020. Such GHG emission increased
from 64.27 Mt CO; in 2000 to 517.38 Mt CO, in 2020.
PAS was the major GHG emission stage. In 2000, 32.42
Mt of CO, was produced in the PAS stage, accounting for
50.44% of the total CO, from China’s Al industry. The
proportion generated from PAS to the total CO; reached
72.51% in 2020, indicating a great GHG emission
reduction potential in PAS. Figure 5(b) illustrates the
GEF of China’s Al cycle. The GEF value (the mass ratio
of carbon dioxide to Al, g-CO,/g-Al) decreased from
23.15 in 2000 to 14.54 in 2020. The year 2008 is an
important year on China’s Al industry. In 2008, the GEF
value was 21.74. The average annual reduction rate was
0.78% between 2000 and 2008, but such a figure was
3.30% between 2008 and 2020. The implementation of
the Circular Economy Promotion Law released by the
Standing Committee of the National People’s Congress in
2008 was the major driving force for such a decreased
GEF.

The GEF value decreased in the AR, M&F, and SAP
stages, but remained unchanged in the PAS stage. The
GEF value in the AR, M&F, and SAP stages was 5.30,
3.24, and 3.3 in 2000, respectively, and 2.30, 0.94, and
0.97 in 2020, respectively. Instead, such a figure in PAS
was 10.85 in 2000 and 10.12 in 2020. In terms of energy
consumption types, electricity was the only energy source
in the PAS stage and coal was the main energy source in
other stages. Consequently, it is critical to pay more
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attention to the electricity consumption from the PAS
stage since the majority of GHG emission was generated
in this stage.

3.2.3 Impact of electricity structure on GEF generated
from PAS

It is clear that electricity structure affects the GEF value.
The GEF of electricity decreased from 922.6 g/kWh
in 2000 to 716.2 g/kWh in 2020 at the national level. Such
a figure ranged from approximately 100 g/kWh to
1200 g/kWh at the provincial level, which is listed in
Table S4. Shandong, Henan, Xinjiang, Inner Mongolia,
Qinghai, Gansu, Yunnan, and Ningxia were the top eight
provinces/regions in terms of accumulative PAP from
2000 to 2020, accounting for 77.58% of the national total
PAP. Figure 6 illustrates the regional disparity of GEF
from PAS and anode production (defined as the GEF of 1 g
Al in electrolysis process, GEF-E, g-CO,/g-Al). Inner
Mongolia had the highest GEF-E in 2020 (16.38), while
Yunnan had the lowest GEF-E in 2020 (1.87). This
indicates that the corresponding GHG emission can be
reduced by 88.58% if all the primary Al production in
Inner Mongolia is transferred to Yunnan. Inner Mongolia
highly relies on coal-burning power plants to generate
electricity, in which the electricity proportion from coal-
burning power plants reached 84.88% in 2020. Compared
with Inner Mongolia, Yunnan has more diversified
electricity sources, such as hydro-power, wind power,
and solar power, in which the electricity proportion from
coal-burning power plants was only 11.87% in 2020.

To meet the increasing Al consumption, Shandong,
Xinjiang, and Inner Mongolia increased their primary Al
production capacities although their GEF-E values are
much higher than those of other provinces, indicating the
imbalanced Al production distribution in China. Unfortu-
nately, those provinces with lower GEF-E values did not
increase their primary Al production, implying an urgent
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Fig. 5 GHG emissions of China’s Al cycle from 2000 to 2020.
(a) GHG emissions; (b) GHG emission factors.
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need to transfer such primary Al production from those
provinces with higher GEF-E values to such provinces.

3.3 Driving factors of Al-related GHG emissions

Figure 7 displays the LMDI results. The key driving
factors for this LMDI study include the electricity stru-
cture effect (ESE), the industrial distribution effect (IDE),
the SAP ratio effect (SRE), and the Al demand effect
(ADE). Among these four driving factors, ADE is a
factor inducing high GHG emissions, while other three
factors represent different impacts in different periods
and provinces. In 2000-2010, the ESE was reduced by
3.81 Mt CO,, while other three factors induced more
GHG emissions, with an IDE of 14.91 Mt CO,, an SRE
of 991 Mt CO,, and an ADE of 147.36 Mt CO,,
respectively. Henan, Inner Mongolia and Shandong, were
the top three provinces/regions with the most GHG emi-

ssions from PAP. In addition, ADE induced the highest
GHG emissions in the two provinces and the one auto-
nomous region. Such results indicate that China’s Al
industry was mainly focused on meeting the increasing
Al demand in this period, without paying adequate
attention to climate change.

In 2011-2020 both ESE and SRE factors mitigated the
overall GHG emissions, with 50.86 Mt of CO, and 5.69
Mt of CO,, respectively, while IDE and ADE induced
more GHG emissions in the same period, with 39.82 Mt
of CO; and 211.6 Mt of CO», respectively. Different from
the period of 2000-2010, SRE became a mitigation factor
although its impact was still marginal, indicating that the
Al recycling had not been fully promoted and there is a
great potential to further enhance the Al recycling. ESE
was a major mitigation factor in all the investigated
provinces and regions. For instance, the reduced GHG
amount induced by ESE was higher than that increased
by ADE in Yunnan, reflecting that the optimization of
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electricity power system can contribute to the carbon
neutrality target of the Al industry. Shandong, Xinjiang,
and Inner Mongolia were the top regions in terms of
GHG emissions from PAP in this period. Similarly, IDE
induced the highest GHG emissions in the said regions,
further verifying that the said regions relied on increasing
their production scales to meet the increasing Al dema-
nds. However, IDE mitigated GHG emissions in Henan
and Shanxi, partly reflecting the fact that reasonable Al
industrial distribution can contribute to the carbon neutra-
lity targets the Al industry.

When accounting Al material flows, relevant data
could be categorized into direct data and indirect data.
Direct data refer to the data collected from governmental
reports, literatures, and other public sources. Coefficients
of variation (CV) of the direct data were set as 2% from
governmental reports, 5% from literatures, and 10% from
other public sources. Indirect data were the data calcu-
lated from the direct data, in which the CV values were
calculated from Gauss’s law of error propagation. The
results of uncertainty analysis are listed in Fig. SI,
indicating that they have marginal impacts on the accou-
nting results of GHG emissions.

4 Policy implications

The above results show that increasing the secondary
production ratio (SPR), reducing the GEF value of
electricity, and transferring the primary production to
provinces and regions with lower GEF values can help
reduce the Al-related GHG emissions in China. Based
upon such findings, several policy implications are pro-
posed to help Al industries meet their carbon neutrality
challenges.

First, it is critical to increase Al recycling efforts throu-
gh the implementation of circular economy [41]. Local
governments and Al companies should work together to
establish end-of-life Al products collection systems.
ACPs are mainly consumed in the east part of the Hu
line, indicating that this region is the key place for Al
scraps. Currently, such Al scraps are collected by infor-
mal vendors and refined by unqualified private firms.
Most of these firms do not have advanced Al recycling
technologies and energy efficient equipment, leading to
lower Al recycling rates, secondary pollution issues, and
low quality. To solve such problems, the central government
should establish secondary Al products standards and
make appropriate policies to formalize those vendors,
while local governments should improve their enforce-
ment abilities to make sure that all the Al scraps can be
collected more efficiently and all the Al recycling firms
can operate their businesses under strict environmental
regulations. As such, large Al production companies
should consider preparing and upgrading their Al recycling
production lines and seek technological help from rese-
arch institutions or universities so that those unqualified
recycling firms can be phased out.

Next, the central government should make a national
Al industry relocation plan by considering local realities.
One key finding of the study described in the present
paper is that the local electricity structure has significant
impacts on Al-related GHG emissions. Therefore, it
would be rational to relocate such Al industries to those
provinces with rich renewable and clean power endo-
wments. Carbon tax is a useful economic instrument
since it can address environmental externalities by incorpo-
rating climate change considerations into the overall Al
products costs. Fortunately, the national carbon market
has been operated since July 2021, indicating that such an
economic instrument may help promote such industrial
relocations. The collected tax can be used to facilitate the
related research and development activities so that more
advanced Al production and recycling technologies will
be available and applied by more Al companies. More-
over, besides such a relocation recommendation, all the
Al-relevant regions should strive to optimize their ele-
ctricity structure by encouraging more applications of
winder power, solar power, hydro-power, geothermal
power, and other clean energy sources, which eventually
will contribute to their carbon neutrality targets.

Finally, capacity-building activities should be promo-
ted across the whole country so that all the relevant
stakeholders can understand the significance of achieving
carbon neutrality in the Al industry. The central gove-
rmment should formulate national Al-related GHG accou-
nting standards and educate all the stakeholders so that
they can learn how to accurately calculate the related
GHG emissions from their operations. Likewise, the cen-
tral government should establish a national information
platform so that all the stakeholders can share their data,
information, technologies, and expertise. In addition,
local governments should initiate various efforts, such as
regular workshops, internet promotions, and pamphlets.
The more developed eastern provinces should also trans-
fer their advanced technologies and equipment to their
western counterparts and send technical secondments to
help local stakeholders. Moreover, such capacity building
efforts should cover all the Al products consumers so that
they can realize the significance of the Al industry to the
national carbon neutrality target. With improved understa-
nding and awareness, they may change their consumption
behaviors by extending the life cycles of their Al
products, selling their end-of-life Al-containing products
to official vendors, purchasing the Al products produced
in those provinces and regions with a much cleaner
electricity structure, and avoiding irrational consumption
of Al products.

5 Conclusions

Al has become a strategical metal due to its great physical
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and chemical features. However, Al production is very
energy and GHG emission intensive and has become a
key barrier for different countries to achieve their carbon
neutrality targets. As the world’s largest Al production
and consumption country, China is facing a great cha-
llenge to mitigate its overall GHG emission from the Al
industry. Al recycling can significantly reduce such
emissions by 93.73%. However, the study described in
the present paper found that less than 20% of Al demand
was supplied by secondary Al in China. Barriers do exist
for further promoting Al recycling, such as insufficient
collections, backward technologies and equipment. Thus,
it is crucial to promote Al recycling through implement-
ing circular economy.

In terms of GHG emissions from China’s Al industry,
PAS and anode production contributed to 73.47% of the
accumulated GHG emission from China’s Al industry for
the period of 2000—2020 because electricity was the main
energy source of PAS and anode production. The Hu line
divides primary Al production and consumption regions.
More primary Al production firms were transferred to the
west of the Hu line. Although several western provinces,
such as Yunnan and Qinghai, has applied more clean
energy sources, key Al production province and regions,
such as Shandong, Xinjiang, and Inner Mongolia, still
rely on coal-burning power plants to provide electricity
for their Al production, leading to a high GEF-E value
(about 12 during 2000-2020). Therefore, it is important
to transfer such Al firms to those provinces and regions
with rich renewable and clean power endowments.
During this process, economic leverage, such as carbon
tax, can effectively facilitate such actions. In addition,
capacity building efforts should be initiated so that all the
stakeholders can improve their awareness and change
their behaviors.

Regional distribution of the secondary Al industry is
not investigated in the study described in the present
paper due to the lack of relevant data and information. In
the future, it would be necessary to further study such an
issue so that more valuable insights can be obtained for
formulating relevant policies.
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