
Citation: Peng, T.; Ren, L.; Du, E.; Ou,

X.; Yan, X. Life Cycle Energy

Consumption and Greenhouse Gas

Emissions Analysis of Primary and

Recycled Aluminum in China.

Processes 2022, 10, 2299. https://

doi.org/10.3390/pr10112299

Academic Editors: Ming Liu and

Xiao Wu

Received: 9 October 2022

Accepted: 31 October 2022

Published: 5 November 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Life Cycle Energy Consumption and Greenhouse Gas
Emissions Analysis of Primary and Recycled Aluminum
in China
Tianduo Peng 1 , Lei Ren 2,3,4, Ershun Du 1, Xunmin Ou 2,3,4,* and Xiaoyu Yan 5,*

1 Institute of Climate Change and Sustainable Development, Tsinghua University, Beijing 100084, China
2 Institute of Energy, Environment, Economy (3E), Tsinghua University, Beijing 100084, China
3 Tsinghua University—Zhang Jiagang Joint Institute for Hydrogen Energy and Lithium-Ion Battery

Technology, Tsinghua University, Beijing 100084, China
4 Tsinghua-Rio Tinto Joint Research Centre for Resources, Energy and Sustainable Development, Laboratory for

Low Carbon Energy, Tsinghua University, Beijing 100084, China
5 Environment and Sustainability Institute, University of Exeter, Penryn, Cornwall TR10 9FE, UK
* Correspondence: ouxm@mail.tsinghua.edu.cn (X.O.); Xiaoyu.Yan@exeter.ac.uk (X.Y.)

Abstract: Aluminum production is a major energy consumer and important source of greenhouse
gas (GHG) emissions globally. Estimation of the energy consumption and GHG emissions caused by
aluminum production in China has attracted widespread attention because China produces more
than half of the global aluminum. This paper conducted life cycle (LC) energy consumption and GHG
emissions analysis of primary and recycled aluminum in China for the year 2020, considering the
provincial differences on both the scale of self-generated electricity consumed in primary aluminum
production and the generation source of grid electricity. Potentials for energy saving and GHG
emissions reductions were also investigated. The results indicate that there are 157,207 MJ of primary
fossil energy (PE) consumption and 15,947 kg CO2-eq of GHG emissions per ton of primary aluminum
ingot production in China, with the LC GHG emissions as high as 1.5–3.5 times that of developed
economies. The LC PE consumption and GHG emissions of recycled aluminum are very low,
only 7.5% and 5.3% that of primary aluminum, respectively. Provincial-level results indicate that
the LC PE and GHG emissions intensities of primary aluminum in the main production areas
are generally higher while those of recycled aluminum are lower in the main production areas.
LC PE consumption and GHG emissions can be significantly reduced by decreasing electricity
consumption, self-generated electricity management, low-carbon grid electricity development, and
industrial relocation. Based on this study, policy suggestions for China’s aluminum industry are
proposed. Recycled aluminum industry development, restriction of self-generated electricity, low-
carbon electricity utilization, and industrial relocation should be promoted as they are highly helpful
for reducing the LC PE consumption and GHG emissions of the aluminum industry. In addition,
it is recommended that the central government considers the differences among provinces when
designing and implementing policies.

Keywords: primary and recycled aluminum; life cycle analysis; energy consumption; greenhouse
gas emissions

1. Introduction

China has the largest aluminum production capacity in the world. In 2020,
37.08 million tons of primary aluminum and 6.0 million tons recycled aluminum were
produced in China, sharing more than half of the world’s aluminum output [1,2]. As an
energy- and GHG emissions-intensive industry, aluminum production puts tremendous
pressure on China’s energy conservation and greenhouse gas (GHG) emissions reduction.
Aluminum smelting is one of the largest energy-consuming sectors of China’s non-ferrous
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metal industry, which accounted for about 6.5% of China’s total electricity consumption
in 2020 [3,4]. GHG emissions from primary aluminum ingot production were as high as
426 mt (megaton) CO2-eq in 2020, accounting for approximately 5% of China’s total GHG
emissions [5]. China is now making great efforts to promote energy efficiency, capacity
utilization, and the adoption of advanced technologies in the aluminum industry to realize
the potential of energy saving and GHG emissions reduction towards its carbon peaking
and carbon neutrality target. However, the production of aluminum is a complex and
multi-process industrial activity. Therefore, it is necessary to assess the GHG footprint
of the entire aluminum production process using the life cycle (LC) approach, instead of
focusing solely on the smelting process.

Many academic and industrial institutions have carried out research on the GHG
emissions of aluminum from the perspective of LC [6–13]. For example, the International
Aluminum Institute (IAI) established a general process-based calculating tool to estimate
the energy input, material flow, and environmental emissions from primary aluminum
production worldwide. The LC inventory data and environmental metrics of the global
primary aluminum industry in 2019 were published recently in which China’s quantitative
results were of poor quality due to the lack of statistics data [6]. Argonne National Labora-
tory developed the annually updated GREET model to investigate the LC energy input,
water consumption, and air emissions of multiple materials used in vehicle manufacturing,
with the ability to evaluate the performance of American aluminum products [7]. The Alu-
minum Association (TAA) released a report on the environmental footprint of aluminum
products in North America based on operational data for the year of 2016 [8]. Aluminum
for Future Generation (AFG) and the European Aluminum Association (EAA) [9] jointly
built the LC inventory data for aluminum production and transformation processes in
Europe according to the data for the year 2010. Liu et al. [10] reviewed the status and
application of the life cycle assessment method in the aluminum industry, providing the
strength and weakness of the method to address sustainability in the aluminum industry.

The energy consumption and GHG emissions of China’s aluminum industry have also
received extensive attention from researchers and have been widely analyzed in previous
studies [14–23], in which LC analysis is an important perspective. Gao et al. [18] assessed
the LC GHG emissions of primary aluminum in China in comparison with the global
average level and estimated the reduction potentials in detail. Du et al. [19] evaluated
the reduction potentials for LC GHG emissions and energy use from aluminum-intensive
vehicles in China and found that the reduction potentials were insignificant because of
the high LC intensities of energy consumption and GHG emissions. Ding et al. [20]
quantitatively analyzed the energy consumption and GHG emissions caused by primary
aluminum and recycled aluminum production in China in 2008 and compared this with
2003. Guo et al. [21] calculated the national average LC energy consumption and GHG
emissions for primary aluminum production in China in the years of 2003, 2006, 2008,
and 2010, and conducted correlation analysis between GHG emissions and key factors.
Liu et al. [22] investigated the features, trajectories, and driving forces of the energy-related
GHG emissions of China’s primary and recycled aluminum industry from the LC analysis
perspective in the period 2004–2013.

Electricity generation has a significant impact on energy consumption and GHG
emissions for aluminum production. However, both the scale of self-generated electricity
associated with primary aluminum production and the generation mix of grid electricity
have significant regional variations in China. Therefore, its necessary to carry out provincial
LC analysis on primary and recycled aluminum production considering the individual
or regional actual power consumption to make the estimation more accurate and policy
recommendations more effective. Several studies have assessed the provincial variations in
the LC GHG emissions of China’s aluminum industry [24–26]. For example, Hao et al. [24]
explored the national and provincial average-level GHG emissions intensity of China’s
primary aluminum production in 2013 and 2020, considering the impact of provincial
disparity in the electricity generation system based directly on GHG emissions factors of
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each process from other studies. Zhang et al. [25] assessed the LC environmental footprint
of primary aluminum and recycled aluminum production in China based on a bottom-up
approach with statistical data, and simply analyzed the provincial aluminum production
density and environmental impacts in different provinces.

However, significant shortcomings still exist in the literature: (1) Most of these previous
studies only focused on primary aluminum but neglected recycled aluminum; (2) very
few studies considered the substantial impacts of self-generated electricity on primary
aluminum production at both the national and provincial levels; (3) the characterization
of the aluminum production process was not sufficiently comprehensive and detailed,
with a failure to examine the potentials for energy saving and GHG emissions reduction
of aluminum production in some studies; and (4) key data and assumptions need to be
updated periodically based on the latest information and technologies.

This study aimed to fill the gaps by performing a comprehensive LC analysis of
China’s aluminum industry in 2020 based on a process-based approach. It focused on
the following innovative aspects: (1) Both primary and recycled aluminum were studied
using the same method and tool; (2) detailed investigation of the national and provincial
self-generated electricity and grid mix was conducted to reflect the real electricity system
of Chinese aluminum production; (3) the system boundary was extended to cover the
upstream end-use energy production, main raw and auxiliary materials, and all related
processes; (4) up-to-date data on the energy input and material flows were used; and (5)
potentials for energy saving and GHG reductions were estimated and comparative analysis
with international levels was conducted.

The structure of this paper is organized as follows: Section 2 explains the system
boundary and research methodology and introduces the key data acquisition process and
basic assumptions. Section 3 details the results and discussions. Section 4 concludes this
paper and proposes policy implications.

2. Methodology
2.1. System Boundary

Figure 1 shows the research boundary of this study and the material flow of aluminum
production. This study covers the main processes of primary and recycled aluminum
production. The former includes bauxite mining, bauxite transport, alumina production,
anode production, fluoride salt production, aluminum electrolysis, and ingot casting, and
the latter contains aluminum scrap collection/transportation, pre-treatment, smelting,
and ingot casting. Fuel inputs in aluminum production processes cover all key end-use
energy types, including coal, natural gas (NG), oil, gasoline, diesel, electricity, and coke.
Upstream production stages of process fuel are within the system boundary, which means
that primary fossil energy (PE) consumption and GHG emissions occurring in resource
exploitation, resource transportation, fuel production, fuel transportation, and distribution
are covered. It should be pointed out that facilities construction and maintenance are
excluded in this study. The process fuel consumed in all these stages is sourced in the form
of three main types of PE: raw coal, raw NG, and petroleum. Three key types of GHGs,
including CO2, CH4, and N2O, and the perfluorocarbons (CF4 and C2F6) emitted from the
anode effect in the electrolysis process are taken into consideration, and they are measured
in CO2 equivalents (CO2-eq) according to the global warming potential (GWP) factor.
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Figure 1. System boundary and material flow of primary and recycled aluminum production
in China.

2.2. Calculation Method

The total direct energy consumption per ton of aluminum produced is the sum of the
fuel consumption of each process, shown as Equation (1):

ENdirect = ∑
i

∑
j

ENdirect,i,j (1)

where ENdirect represents the total fuel consumed per ton of aluminum (MJ/t Al ingot);
ENdirect,i,j denotes the fuel type j consumed in the stage/process i (MJ/t Al ingot). The LC
PE consumption is obtained with Equation (2):

ENLC = ∑
i

∑
j

ENdirect,i,j·ENj (2)

where ENLC is the LC PE consumption intensity of aluminum (MJ/t Al ingot); ENj is the
LC PE intensity of fuel type j (MJ/MJ fuel obtained and utilized). For electricity, EMj
can be defined as a weighted average intensity of all electricity generation sources using
Equation (3):

ENelectricity =
1

1 − η ∑
k

(
ENelectricity,k · SHk

)
(3)

where ENelectricity is the average PE intensity of the electricity grid (MJ/MJ electricity
generation and supply); η is the transmission loss of the electricity grid (%), ENelectricity,k is
the LC PE intensity of the electricity source k (MJ/MJ electricity generation and supply);
and SHk is the share of the electricity source k in the total electricity generation of the grid
(%). Here, k represents coal, oil, NG, hydro, nuclear, solar, wind, biomass, and others,
respectively.

The LC GHG emissions of primary aluminum are generated from four parts: (1) the
combustion of fossil fuels; (2) CO2 emitted from anode material consumption; (3) CO2
emissions from the calcination of limestone; and (4) perfluorocarbons (PFCs) containing
tetrafluoromethane (CF4) and hexafluoroethane (C2F6) from the anode effect in the elec-
trolysis process. Equations (4)–(8) show the calculation principles for the total LC GHG
emissions per ton aluminum:

EMLC = EMLC,En + EMAC + EMAE + EMLimestone (4)

EMLC,En = ∑
i

∑
j

(
ENdirect,i,j · EMj/1000

)
(5)
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EMAC =
44
12

PA · (1 − SA − AA) (6)

EMAE = 6500EMCF4 + 9200EMC2F6 (7)

EMLimestone = PLimestone · EFLimestone (8)

where EMLC is the LC GHG emissions intensity of aluminum (kg CO2-eq/t Al ingot);
EMLC,En represents the GHG emissions associated with fuel utilization (kg CO2-eq/Al ingot);
EMAC, EMLimestone, and EMAE denote the GHG emissions intensities of anode consump-
tion, calcining limestone, and the anode effect (kg CO2-eq/t Al ingot), respectively; PA is
the carbon anode consumption per ton of primary aluminum (kg/ Al ingot); SA is the
average sulfur content of the carbon anode (%); AA is the ash content of the carbon anode
(%); EMCF4 and EMC2F6 are the CF4 and C2F6 emissions per ton of primary aluminum
(kg/t Al ingot); PLimestone is the limestone consumption per ton of primary aluminum
(kg/t Al ingot); EFLimestone is the emission factor for calcining limestone (kg CO2-eq/kg
limestone); and EMj is the LC GHG emissions intensity of fuel type j (kg CO2-eq/MJ fuel
obtained and utilized). In the case of electricity, EMj can be defined as follows:

EMelectricity =
1

1 − η ∑
k

(
EMelectricity,k · SHk

)
(9)

where EMelectricity is the average GHG emissions intensity of the electricity grid (g CO2-eq/MJ
electricity generation and supply); EMelectricity,k is the LC GHG emissions intensity of the
electricity source k (g CO2-eq/MJ electricity generation and supply).

GHG generated during recycled aluminum production comes from fuel utilization,
which can also be estimated by Equation (5).

2.3. Key Data and Assumptions
2.3.1. Basic Process Data Collection

The material flow during LC of aluminum production is shown in Figure 1. The
details of the basic data on the import rate of raw materials, fuel input in each process, and
fuel structure of each process/material are based on the latest public official and industry
statistics and reports, which reflect the average technological level of China’s aluminum
industry. There are three ways to collect these data: (1) The energy and feedstock input data
was mainly obtained from the yearbooks of the non-ferrous metal sector [3] and the energy
sector [4,27], and the LCA database of the International Aluminum Institution (IAI) [2,28];
(2) for the data of intermediate input products such as anode production, fluoride salt,
etc., refer to commercial databases and literature research [7,29]; (3) for some processes
or intermediate inputs for which it was difficult to obtain the data in the base year (2020)
due to limited statistics and research, this study made corrections and assumptions on
the basis of data from previous years [22,30–32]. China’s bauxite resources are becoming
increasingly scarce, and the limited domestic bauxite reserves are unable to meet the huge
domestic demand, 54.6% of which needed to be imported from abroad in 2020, about 25.5%
of aluminum scrap came from imports in 2020, and alumina was 4.9% [33]. It should be
noted that the production process of imported materials occurs abroad, so this part is no
longer included in China’s analysis, but the transportation process from the exporter to
China were taken into consideration in this study.

2.3.2. Data on Transportation

Data relating to the transportation of raw materials and intermediate products for
aluminum production are shown in Table 1. Imported materials and scrap are assumed to
be first transported to the port by ocean ships and then shipped to smelting plants by rail.
The maritime transport distance is the value obtained by weighting the distance between
the geographical location of the importing countries and the main ports of China according
to the import volumes [3,34]. The domestic transport distance of imported bauxite and
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alumina refers to the average transport distance of metal ore while the data of aluminum
scrap refers to that of non-ferrous metals. The average transport distance of domestic
aluminum scrap is assumed to be 500 km by road to reach the smelting facilities from the
main scrap distribution center [20,35]. Other materials, including caustic soda, calcined
lime, fluoride salt, petrol coke, and coal bar pitch, are assumed to be directly transported by
road from plants to the electrolytic aluminum refineries for use, with a distance of 176 km,
which is the average distance of China’s road freight transportation [35]. Table 2 presents
China’s energy intensity and fuel structure of multiple transport modes in 2020.

Table 1. Transportation parameters of the aluminum industry in China in 2020 [1,3,34,35].

Item Transport Mode

Bauxite Ocean shipping: 54.6% (15,755 km); Railway: 100% (670 km)
Alumina Ocean shipping: 4.9% (8600 km); Railway: 100% (670 km)

Aluminum scrap Ocean shipping: 25.5% (8033 km); Railway: 25.5% (500 km); Road: 70%
(500 km)

Other Road: 100% (176 km)
Note: The sum of the proportions of individual transport modes may exceed 100% because of intermodal transport.

Table 2. Energy intensity and fuel structure of various transport modes.

Item Energy Intensity Fuel Structure Date Source

Ocean shipping 1 0.076 MJ/t · km Fuel oil (100%) [36]

Railway 2 0.129 MJ/t · km Coal (2.5%), Diesel (23.0%),
electricity (65%), others (9.0%) [37]

Road 0.498 MJ/t · km Diesel (72%), gasoline (28%) [36,38]

Note: 1 The fuel consumed in ocean shipping is fuel oil while other fuel types are not considered. 2 The fuel
structure of railway was established according to a field survey and the literature [39].

2.3.3. Data on Electricity

As a high-energy consumption industry, the demand for electricity in primary alu-
minum production is huge. In order to obtain a stable electricity supply and reduce the cost
of electricity, most electrolytic aluminum enterprises have built their own thermal power
plants and purchase coal for electricity generation in addition to purchasing electricity
from the national/regional grid. The electricity mix of the electrolytic aluminum industry
does not necessarily match the grid mix found in aluminum-producing regions/nations
due to the high proportion of self-generated electricity. According to AFG [40], about 30%
of the electricity consumed in the electrolytic aluminum industry globally comes from a
self-generated thermal power plant, with the rest being purchased as grid electricity. This
ratio is higher in China, with about 65% estimated by market surveys [41,42]. The nation-
wide sources of electricity generation for electrolytic aluminum in China were assessed
based on this data and China’s grid mix in 2020 [27], as shown in Table 3. Coal power
still dominates in the electricity mix of the electrolytic aluminum industry, the percentage
of which is as high as 87.1%. The average transmission loss was 5.6% for grid electricity
in China in 2020 [27]. This is negligible for self-generated electricity because the power
plants are usually located close to electrolytic aluminum production facilities, avoiding
long-distance transmission of electricity. In this study, we assumed that the grid electricity
purchased is consumed in recycled aluminum production and the processes of primary
aluminum production other than electrolysis. It should be noted that the diversity of
electricity generation of primary aluminum production among provinces in China leads to
significant regional differences in the results of the LC analysis, which is further discussed
in Section 3.3.
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Table 3. Nationwide sources of electricity generation for the grid mix and electrolytic aluminum mix.

Item Coal Oil NG Hydro Nuclear Solar Other

Grid mix (%) 63.2 0.1 3.2 17.0 4.7 11.1 0.7
Electricity for aluminum electrolysis (%) 87.1 0.0 1.1 6.0 1.6 3.9 0.2

2.3.4. Data on Life Cycle Intensities of Each Process Fuel

Table 4 presents China’s LC PE and GHG intensity of each process fuel in 2020. The
definition of LC PE intensity is PE consumed to obtain and utilize 1 MJ fuel over the whole
LC stages, including resource exploitation, resource transportation, fuel production, fuel
transportation and distribution, and fuel combustion. LC GHG emissions intensity is the
total GHG emitted to obtain and utilize 1 MJ fuel. Here, we update the data based on the
methodology from our previous study [38] and national energy statistics [4].

Table 4. LC PE and GHG emissions intensity of each fuel.

Item ENj ENj,Coal ENj,NG ENj,Oil EMj

Unit MJ/MJ MJ/MJ MJ/MJ MJ/MJ gCO2,e/MJ

Raw coal 1.068 1.065 0.001 0.002 98.0
Raw NG 1.135 0.035 1.052 0.048 67.0
Crude oil 1.093 0.024 0.036 1.033 78.8
Clean coal 1.083 1.067 0.002 0.014 99.1

Refined NG 1.139 0.036 1.056 0.048 68.8
Diesel 1.251 0.058 0.047 1.146 91.6

Gasoline 1.260 0.060 0.047 1.153 89.4
Fuel oil 1.190 0.046 0.042 1.102 90.1

Grid power 1.910 1.817 0.064 0.029 172.7
Coke 1 2.172 1.236 0.002 0.015 105.9

Coal power 2.844 2.802 0.004 0.038 260.3
NG power 2.561 0.014 2.534 0.013 149.9
Oil power 3.899 0.157 0.145 3.597 295.4

Nuclear power 0.063 0.052 0.005 0.006 6.5
Other power 2 0 0 0 0 5.0

Note: 1 Data on coker refers to the research results from Research Center for Eco-Environmental Sciences, Chinese
Academy of Sciences [43]; however, it should be noted that that the data was obtained based on the 2010 situation.
In this paper, we assume it did not change in the short term. 2 The fossil energy consumption of other electricity
sources with non-fossil energy as the raw material (such as hydro, biomass, and wind) are very low and often
negligible [38].

2.3.5. Data on GHG Emissions from Anode Consumption, Calcining Limestone, and
Anode Effect

The parameters of anode consumption, calcining limestone, and anode effect shown
in Table 5 were obtained from the NDRC guideline [32]. The GHG emissions factor of
anode consumption and calcining limestone are determined by the physical properties of
the material, resulting in similar values among all studies. CF4 and C2F6 are emitted in the
primary aluminum reduction process because of the anode effect, and their emission factors
are closely related to the type and technological level of the electrolytic bath. Currently,
China’s electrolytic aluminum production mainly adopts world advanced Point-center
Feed Prebake (PFPB) technology. Therefore, the value referenced by the NDRC guideline
is lower than that provided by IAI [28]. In addition, the updated GWP factors from the
Intergovernmental Panel on Climate Change (IPCC) were employed in this study: 6500 for
CF4 and 9200 for C2F6 [44].
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Table 5. The parameters of anode consumption, calcining limestone, and anode effect [28,32,44].

Item Unit Value

Average sulfur content of carbon anode % 2
Average ash content of carbon anode % 0.4

Emission factor for calcining limestone kg CO2/kg limestone 0.405
CF4 emission factor of anode effect kg /t Al ingot 0.034
C2F6 emission factor of anode effect kg /t Al ingot 0.0034

3. Results and Discussions
3.1. Life Cycle Results of Primary Aluminum

Figure 2 shows the LC results of primary aluminum. In total, 77,547 MJ of direct
energy and 157,207 MJ of LC PE are consumed to produce one ton of primary aluminum
ingot, with the proportion of aluminum electrolysis exceeding more than 60% and 76%,
respectively. The total LC PE consumption is 2.3 times as much as the total direct energy
input. The difference between LC PE consumption and direct energy input at the aluminum
electrolysis stage is apparently higher than that at other stages because the main fuel
consumed in the electrolysis process is electricity and the energy conversion efficiency
of transforming PE into electricity is lower than in other fuel types. As Figure 2b shows,
coal contributes the most in the LC PE consumption and accounts for 90.53% of the total
due to China’s coal-dominated power structure. In the transportation of bauxite, the
LC PE consumption associated with the transportation of imported bauxite accounts for
about 95% due to China’s massive dependence on overseas sources and the long ocean
shipping distance.
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The process of primary aluminum production will generate 15,947 kg CO2-eq GHG
emissions from the LC perspective, in which the aluminum electrolysis shares the most at
80.0% (12,704 kg CO2-eq), presented as Figure 2c. The overall emission structure is similar to
that of energy consumption. The GHG emissions from electricity consumption contribute
the most in the total GHG emissions of aluminum electrolysis, with a share of 86.18%,
followed by that of anode consumption, which is estimated to be 1503 kg CO2-eq, 11.83% of
the total GHG emissions in this stage. At 2400 kg CO2-eq, the GHG emissions from alumina
P&T are the second largest emissions source, with a share of 15.05%. In total, 113 kg CO2-eq
of GHG are generated from calcium carbonate decomposition, with a proportion of 4.73%
of the alumina P&T stage, while the rest is generated by fuel combustion.

3.2. Life Cycle Results of Recycled Aluminum

The result of each process/stage in descending order is aluminum smelting, scrap
pretreatment, ingot casting, and scrap collection/transportation, shown as Figure 3. In total,
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8612 MJ of direct energy is consumed for per ton of recycled aluminum ingot production
(only 11.1% of primary aluminum ingot), which are dominated by aluminum smelting with
a share of 53.19%. In total, 11,730 MJ of LE PE is consumed per ton of recycled aluminum
production, only 7.46% of primary aluminum, with the contribution from each process
similar to those of direct energy input. Up to 25.5% of the scrap aluminum is imported from
abroad, which leads to a large amount of energy input in the ocean shipping of imported
scarp aluminum, which accounts for 36% of the whole transport stage. Compared to
primary aluminum production, the structure of LC PE consumption changes significantly
(shown as the sub-graph of Figure 3): coal accounts for 35.74% and is no longer the
dominant energy while NG contributes the most, with a share of 54.31%.
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The process of recycled aluminum production will generate 845 kg CO2-eq GHG
emissions, only 5.40% of those of primary aluminum ingot. The GHG emissions from
the process of collection/transportation, pretreatment, smelting, and ingot casting are 57,
161, 424, and 203 kg CO2-eq, representing 6.80%, 19.03%, 50.12%, and 24.05% of the total
emissions, respectively.

Compared with primary aluminum, recycled aluminum shows obvious advantages in
energy consumption and GHG emissions. It should be pointed out that the fuel of smelting
furnaces in modern recycled aluminum factories is mostly fuel oil or NG. However, there
are few official statistics on the nationwide average energy data, which makes it difficult to
explore the fuel structure of recycled aluminum. In this study, we adopted the data of NG
from [25]. If the smelting furnace is fueled by fuel oil, the LC PE and GHG emissions will
increase due to the fact that the LC intensities of fuel oil are higher than those of NG.

3.3. Regional Disparity of LC Results

This part shows the provincial differences among 31 provinces in mainland China.
Hong Kong, Macao, and Taiwan in China are excluded in this study due to the lack of
sufficient data.

The spatial distribution of primary and recycled aluminum production in mainland
China in 2019 are shown in Figure 4a,b, respectively (data of aluminum production in
2020 has not been published). The production capacity of China’s primary aluminum
is highly concentrated, mainly distributed in 17 provinces in the north and central west
regions. Shandong and Xinjiang are the two most important primary aluminum production
provinces in China currently, accounting for more than 40% of the national production [3].
Recycled aluminum production is distributed in all provinces of mainland China except
Jilin, Guangxi, Hainan, Tibet, and Ningxia. The southeastern coastal provinces are ma-
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jor production areas, particularly the three coastal provinces of Jiangsu, Shandong, and
Guangdong, accounting for more than 35% of the national production [3].
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(d) LC GHG emissions intensity of electricity for aluminum electrolysis; (e) GHG emissions in-
tensity of primary aluminum; and (f) GHG emissions intensity of recycled aluminum in 2020.

Some previous studies [24,45,46] estimated the grid mix and LC GHG emissions inten-
sity at the provincial level in China, considering the inter-province power transmissions for
the provincial grid mix. Here, we recalculated the LC emissions intensity of electricity (see
Figure 4c) based on their estimations [46]. The LC intensity shows a downward trend from
northeast to southwest. Shannxi, Shandong, and Inner Mongolia show the highest intensity,
with more than 250 g CO2-eq/MJ, which is about 1.1 times that of the nationwide average
level. Due to the differences in the regional policy and self-generated electricity cost, the
proportion of self-generated electricity in the electrolytic aluminum industry varies from
province to province. Based on the industry survey and literature review, we obtained
the provincial self-generation rate (as shown in Table A1). Combining the provincial grid
mix, GHG emissions intensity of different power generation sources, and proportion of
self-generated electricity, we estimated the provincial GHG emissions intensity of electricity
for aluminum electrolysis, as shown in Figure 4d. The distribution of GHG emissions
intensity basically coincides with primary aluminum production, particularly those in
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Shandong, Xinjiang, and Inner Mongolia, as these provinces have an intensity of more than
255 g CO2-eq/MJ.

We assume that, apart from provincial electricity diversity, no other differences exist
among provinces, such as production technology, energy efficiency, fuel input and mix, and
other factors. For primary aluminum, there is a geographical mismatch between the raw
materials production processes (such as bauxite mining, alumina production, and anode)
and electrolytic aluminum production process. As a result, raw materials in many provinces
need to be purchased across provinces or imported from other countries. However, there
are no reliable data on the interprovincial flows of raw materials, making it impossible
to analyze the LC supply chains in certain provinces. Therefore, we only consider the
provincial electricity mix disparity in the aluminum electrolysis process, and still used the
nationwide average data for other processes.

The LC GHG emissions per ton of primary aluminum ingot are shown in Figure 4e and
Table A1. Generally, the LC GHG emissions intensity of primary aluminum is positively
correlated with the production volume and shows significant provincial disparity. The
provinces with larger production volumes, such as Shandong and Xinjiang, also have higher
emissions intensities. The five provinces (Inner Mongolia, Shandong, Shaanxi, Xinjiang,
and Ningxia) with GHG intensities exceeding the national average intensity account for
59.2% of China’s total production. The GHG emissions intensity of the southwest provinces
is lower than that of the northern provinces. For instance, the GHG emissions intensities of
Yunnan and Sichuan are 39.2% and 37.2% that of Shandong (17,540 kg CO2-eq), respectively.
Provinces with low GHG emissions intensities share two characteristics: (1) relatively
high proportions of renewable electricity in the grid mix; and (2) low proportions of
self-generated electricity for primary production. Figure 4f and Table A1 show the LC
GHG emissions per ton of recycled aluminum ingot. Generally, the LC GHG emissions
intensities show a negative correlation with the spatial distribution of recycled aluminum
production, indicating that the provinces with lower emissions intensities tend to have
higher production volumes. As shown in Figure 4f, the LC GHG emissions intensities of
the southeastern coastal provinces are lower than those of the northern provinces. Shannxi
shows the highest GHG emissions intensity with 927 kg CO2-eq, about 1.1 times that of the
national average level and 1.6 times that of Yunnan. This is mainly attributed to the high
proportion of coal power in northern China’s grid mix.

3.4. Potential for Energy Conservation and GHG Emissions Reduction
3.4.1. Decrease in Electricity Consumption of Electrolytic Aluminum

The overall electricity consumption per ton of electrolytic aluminum in China has
been steadily declining in recent years due to the improvement in aluminum smelting
technology, reaching 13,244 kWh/t Al in 2020 [1]. This is below the global average level
(see Figure 5). According to the specification of the aluminum industry [30], the electricity
consumption of newly built and reformed electrolytic aluminum liquid must be less than
12,750 kWh/t Al liquid, and the overall electricity consumption of aluminum ingot must
be less than 13,200 kWh/t Al ingot. For existing facilities, if the electricity consumption
decreases by 100 kWh, the LC PE and GHG emissions per ton of primary aluminum ingot
will decrease by 906 MJ and 86 kg CO2-eq, respectively.

3.4.2. Self-Generated Electricity Management

Self-generated electricity plays an important role in China’s primary aluminum indus-
try. Compared with many other countries, China has a high proportion of self-generated
electricity in the electrolytic aluminum industry. China has implemented relevant policies
to strengthen the management of coal-fired power plants for self-generation in order to
control the scale of their development and improve their energy efficiency. A 10% de-
crease in the proportion of self-generated electricity for the electrolytic aluminum industry
will reduce the LC PE consumption and GHG emissions by 4504 MJ and 274 kg CO2-eq,
respectively. The LC PE and GHG emissions intensities under different proportions of
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self-generated electricity for the electrolytic aluminum industry are presented in Figure 6.
When all the electricity consumed is purchased from the grid, the LC PE consumption and
GHG emissions per ton of aluminum ingot are 127,931 MJ and 13,203 kg CO2-eq, a decrease
of 18.6% and 16.3% compared to those of 65% self-generation in 2020, respectively.
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The LC PE and GHG emissions intensities of coal power used in this study were
estimated by the method from Peng et al. [38] based on the national average net coal
consumption rate at 305 g of coal equivalent/kWh in 2020 [4]. However, the net coal
consumption of self-generated power plants is generally higher than this value as the
capacities of coal-fired units in self-generation power plants are smaller than those of large-
scale thermal power plants [41]. A decrease in the net coal consumption of self-generation
power plants by 10 g of coal equivalent/kWh will reduce the LC PE consumption and
GHG emissions by 3747 MJ and 425 kg CO2-eq, respectively.
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3.4.3. Low-Carbon Electricity Development

China’s electricity grid is currently dominated by coal power, with a proportion
of 63.2% in 2020, resulting in high LC PE and GHG emissions intensities. China has
introduced many measures to vigorously promote the development of renewable electricity
and the proportion of coal power in the electricity grid is expected to gradually decrease
in the future. Scenario analysis was conducted to estimate the LC PE and GHG emissions
intensities of primary and recycled aluminum with different proportions of coal power
in the electricity mix (50%, 40%, and 30%). Here, we assume that the proportion of self-
generated electricity in the electrolytic aluminum industry is 50% and is the same under
different scenarios. For primary aluminum, the LC PE intensities in the 50%, 40%, and
30% coal power scenarios drop by 7.06%, 11.64%, and 16.21% compared with the baseline
(2020) while the LC GHG emissions intensities decrease by 7.07%, 11.12%, and 15.18%,
respectively. The LC PE intensities for recycled aluminum are reduced by 7.22%, 11.90%,
and 16.58% under the 50%, 40%, and 30% coal power scenarios while the LC GHG emissions
intensities decline by 11.80%, 17.60%, and 23.41%, respectively. Therefore, decarbonization
of grid electricity can play an important role in promoting energy conservation and GHG
emissions reduction of the aluminum industry.

3.4.4. Industrial Relocation

The LC GHG emissions intensity is high in provinces with concentrated production of
primary aluminum, resulting in the high GHG emissions of China’s aluminum production.
The southwest provinces are rich in hydropower and therefore have natural advantages
in hosting the electrolytic aluminum industry. The appropriate relocation of the primary
aluminum industry from north China to the southwest will help reduce PE consumption
and GHG emissions. For example, relocating half of Shandong’s production to Qinghai
and Sichuan will reduce the production-weighted average LC GHG emissions intensity
of Chinese aluminum by 6.42% and 15.31%, respectively. The relocation of the primary
aluminum industry shows great potential in GHG emissions reduction. However, other
key factors such as the consumer market, production cost, and environmental protection
should be taken into account holistically in any industrial relocation. This is a topic worth
exploring in detail in future studies.

3.5. Comparative Analysis with Similar Studies

Table 6 presents a comparative analysis with other studies focusing on China and other
regions. The results for China show significant differences among studies, most of which
are lower than those of this study mainly because: (1) we extended the system boundary
to include both fuel acquisition and aluminum production, taking into consideration
fuel conversion efficiencies that are usually neglected by other studies; and (2) in primary
aluminum production, the proportion of thermal power in the electricity mix for electrolytic
aluminum is higher than that of the grid electricity mix due to coal-fired self-generation,
leading to higher LC PE and GHG emissions intensities.

The results for China tend to be worse than those for the U.S. and Europe, which
are mainly attributed to the coal-dominated energy structure. The LC GHG emissions
intensity of primary aluminum for China is 1.5–3.5 times that of other regions, respectively.
The U.S. is taken as an example for analysis. The power consumption for China’s per
ton aluminum production has been almost close to advanced economies [7]; however, its
LC PE consumption and GHG emissions are about two times as much as that in the U.S.
This is mainly attributed to two reasons: (1) the fuels consumed for primary aluminum
production in the U.S. are mainly fuel oil and natural gas in addition to electricity while
this is dominated by coal in China; and (2) coal shares a proportion of more than 60% in
China’s grid mix [27] while this figure is 14.3% in the U.S. [7].
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Table 6. LC results from different studies.

Item Year Scope
LC PE Intensity
(MJ/t Al Ingot)

LC GHG Emissions Intensity
(kg CO2-eq/t Al Ingot)

Primary Recycled Primary Recycled

This study 2020 China 157,207 11730 15,947 845

Hao et al., 2016 [24] 2013 China 16,500
Hao et al., 2016 [24] 2020 China 14,300
Ding et al., 2012 [20] 2010 China 17,000 715
Ding et al., 2021 [26] 2017 China 14,500 930

Zhang et al., 2016 [25] 2012 China 167,847 7875 15,800 722
He et al., 2020 [23] 2016 China 19,500 350

Anna M K 2014 [11] 2013 Europe 9503
Anna M K 2014 [11] 2013 Iceland 5560

IAI 2022 [6] 2018 Global 16,100
World Aluminum 2018 [12] 2015 Global 166,000 18,000

Nunez et al. 2016 [13] 2010 Global 163,000 16,500
Nunez et al. 2016 [13] 2010 RoW * 109,000 10,800

TAA 2013 [8] 2010 North America 8973 670
GREET 2021 [7] 2020 the U.S. 115,780 7282

Note: * RoW: the world excluding China (rest of world).

3.6. Limitation and Future Work

Although this study has carried out several extensive works compared to previous
similar studies, it still faces three limitations: (1) the average data of the energy efficiency
and fuel consumption industry used in the current study cannot reflect the more specific
technical characteristics of China’s aluminum industry, especially the situation of advanced
enterprises; (2) this study failed to assess the GHG emissions contribution of the entire
aluminum industry to China’s carbon emissions; and (3) it is necessary to explore the
low-carbon transition pathway of the aluminum industry in the context of China’s carbon
peaking and carbon neutrality targets.

4. Concluding Remarks

This study estimated China’s national average LC PE consumption and GHG emis-
sions of the aluminum industry in 2020 based on the process-based LC analysis method
and proposed several policy recommendations for China’s aluminum industry. In view
of the different GHG emissions factors of the electricity mix for the aluminum industry,
the disparity of the GHG emissions intensity of aluminum production among provinces
was estimated. In addition, comparative analysis with other studies was conducted. The
following specific conclusions are drawn from this study:

(1) LC PE consumption and GHG emissions per ton of primary aluminum ingot in 2020
were 157,207 MJ and 15,947 CO2-eq, respectively, with the aluminum electrolysis stage
being the largest contributor. There are multiple sources of GHG emissions in the
LC chain of aluminum production, among which fuel generation and utilization
contribute the most, accounting for 88.28% of the total emissions.

(2) China’s recycled aluminum shows significant advantages in energy consumption and
GHG emissions in comparison with primary aluminum. The LC PE consumption
and GHG emissions per ton of recycled aluminum ingot in 2020 were 11,730 MJ and
845 CO2-eq, only 7.46% and 5.30% of those for primary aluminum ingot, respectively.
Promotion of the recycled aluminum industry will contribute to energy saving and
emission reduction in China’s aluminum industry.

(3) Obvious provincial disparity exists in the LC results of China’s aluminum industry.
In general, the LC PE and GHG emissions intensities of primary aluminum are higher
in the main production areas while those of recycled aluminum are lower in the main
production areas.
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(4) China’s aluminum industry has significant potential for energy saving and GHG
emissions reduction by decreasing electrolysis electricity consumption, improving
the electricity structure (particularly the share of self-generated electricity), reduc-
ing the net coal consumption rate of self-generated electricity, and optimizing the
geographical distribution of the production capacity.

(5) GHG emissions of China’s primary aluminum production are 1.5–3.5 times that of
developed economies mainly because China’s electricity source and process fuels are
both dominated by coal.

The following policy suggestions for China’s aluminum industry are made based on
this study:

(1) To boost the utilization of renewable electricity in the aluminum industry to improve
the performances of the electricity mix in LC PE consumption and GHG emissions.

(2) To restrict new capacities and phase out inefficient capacities of self-generated elec-
tricity to limit the scale and reduce the overall net coal consumption rate.

(3) To improve the domestic aluminum scrap recovery system to provide sufficient and
stable raw materials for the development of the recycled aluminum industry.

(4) To promote the relocation of the primary aluminum production capacity from the north
to the south-west to optimize the spatial distribution of the primary aluminum industry.

(5) To consider the differences among provinces when relevant policies are implemented
by the central government in order to make policies more effective nationwide.
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AFG Aluminum for Future Generation
Al ingot aluminum ingot
CF4 tetrafluoromethane
C2F6 hexafluoroethane
CO2-eq CO2 equivalents
GHG greenhouse gas
GWP global warming potential
IAI International Aluminum Institute
IPCC Intergovernmental Panel on Climate Change
LC life-cycle
mt megaton
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NG natural gas
NDRC National Development and Reform Commission
PE primary fossil energy
PFCs perfluorocarbons
PFPB Point-center Feed Prebake
P&T production and transportation
RoW the world excluding China (rest of world)
t tonne
TAA The Aluminum Association
AA the average ash content of carbon anode
EM greenhouse gas emissions intensity
EMLC life-cycle greenhouse gas emissions intensity
ENdirect direct energy consumption
ENLC life-cycle primary fossil energy intensity
P specific material consumption per tonne of primary aluminum
SHk the share of electricity source in the electricity generation of the grid
SA the average sulfur content of carbon anode
η transmission loss of the electricity grid
i aluminum production process
j process fuel type
k electricity source

Appendix A

Table A1. Provincial and nationwide GHG intensity of electricity and aluminum production.

Grid Mix Electricity for Al Electrolysis LC GHG Emissions Intensity
(kg CO2-eq/t Al)

g CO2-eq/MJ
Electricity

Share of Self-
Generated

Power

LC GHG
Intensity

(g CO2-eq/MJ
Electricity)

Primary
Aluminum

Recycled
Aluminum

Beijing 142.3 - - - - - - 753.9

Tianjin 227.0 - - - - - - 921.6

Hebei 198.4 - - - - - - 865.1

Shanxi 216.0 0% 216.0 15,443.6 899.9

Inner
Mongolia 217.7 89% 255.6 17358.4 923.6

Liaoning 188.5 0% 188.5 14020.1 845.4

Jilin 178.3 - - - - - - 0.0

Heilongjiang 206.8 - - - - - - 881.7

Shanghai 222.7 - - - - - - 913.1

Jiangsu 201.4 - - - - - - 871.0

Zhejiang 167.0 - - - - - - 802.8

Anhui 222.1 - - - - - - 911.9

Fujian 135.8 0% 135.8 11290.4 741.1

Jiangxi 194.7 - - - - - - 857.6

Shandong 216.9 98% 259.4 17539.7 924.5

Henan 219.0 60% 243.8 16793.0 919.2
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Table A1. Cont.

Grid Mix Electricity for Al Electrolysis LC GHG Emissions Intensity
(kg CO2-eq/t Al)

g CO2-eq/MJ
Electricity

Share of Self-
Generated

Power

LC GHG
Intensity

(g CO2-eq/MJ
Electricity)

Primary
Aluminum

Recycled
Aluminum

Hubei 122.5 0% 122.5 10604.3 714.9

Hunan 144.8 - - - - - - 758.9

Guangdong 160.6 - - - - - - 790.2

Guangxi 121.2 30% 162.9 8026.8 0.0

Hainan 136.2 - - - - - - - -

Chongqing 166.6 0% 166.6 12886.6 802.1

Sichuan 43.9 0% 43.9 6533.5 559.2

Guizhou 154.3 0% 154.3 12249.5 777.8

Yunnan 50.4 0% 50.4 6872.5 572.2

Tibet 40.6 - - - - - - - -

Shaanxi 218.4 100% 260.3 17586.9 927.1

Gansu 154.8 70% 228.7 15835.5 818.6

Qinghai 53.3 23% 100.9 9317.3 603.6

Ningxia 206.0 50% 233.1 16233.6 894.7

Xinjiang 199.4 94% 256.6 17343.4 897.9

Nationwide 172.7 65% 229.0 15,947 844.9
Note: “- -” represents there is no primary/recycled aluminum industry capacity in the province.
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