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Abstract: Aluminum is a strategic mineral resource, and China’s aluminum production and
consumption is fairly large. However, its supply guarantee is uncertain because of a high dependency
on external raw materials. This uncertainty may expand, so finding a way to reduce the uncertainty
of aluminum resource supply is especially important. This paper applies the SFA method to analyze
the aluminum flows in mainland China from 1996 to 2014, and establishes a supply structure model
to measure its supply guarantee degree. The results claim that: (1) China’s aluminum production
can satisfy demand and even create a surplus; (2) Domestic self-productive primary and secondary
aluminum increased at an annual rate of 12% and 24%; (3) The proportion of self-productive secondary
aluminum in the supply structure increased from 7.7% in 1996 to 12.8% in 2014, while that of primary
aluminum decreased from 79.6% to 42.8%; (4) The total supply guarantee degree decreased from
87.3% to 55.6% in this period. These results provide a feasible way to solve this plight: the proportion
of secondary aluminum in the supply structure should be enhanced, and an efficient aluminum
resource recycling system needs to be established as soon as possible to ensure its sustainable supply.
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1. Introduction

As we all know, mineral resources play a vital role in human life, but are relatively scarce [1,2].
Mineral resources were formed in geological time, tens or hundreds of million years ago, and can
be exploited and utilized through the efforts of people, but cannot be artificially created. Mineral
resources are always limited within a certain time and space, as opposed to the unlimited and
continually increasing demands of humans. Shortages of mineral resources and an absolute growth in
the demand of human beings result in the scarcity of mineral resources. With regard to the scarcity of
resources, many scholars have proposed predictions and made comments; the most famous among
them are Thomas Robert Malthus (Absolute Resource Scarcity) [1], David Ricardo (Relative Resource
Scarcity) [2], and John Stuart Mill (Stationary Economy) [3].

Aluminum is the second most abundant metallic element in the earth’s crust after silicon,
accounting for 8% of the earth’s crust [4], but is a comparatively new industrial metal that has
been produced in commercial quantities for just over 100 years [5]. However, more aluminum is
produced today than all other nonferrous metals combined [6]. There has been great growth in the
demand and consumption of aluminum-containing products in recent decades, owing to its wonderful
properties: (1) light weight (it weighs about one-third as much as steel or copper [5]); (2) low density,
is malleable, ductile, easily machined and cast; (3) excellent corrosion resistance and durability; (4)
high thermal conductivity, electrical conductivity and reflectivity, no low-temperature brittleness and
magnetism [7,8].
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The external dependency aluminum resource in China is up to 50%, so its sustainable supply
cannot be guaranteed given the ever-increasing demand. The production of alumina and primary
aluminum both increased dramatically after 2000 in mainland China, with their respective shares of
global production rising from 9% and 13.2% in 2000, 10% and 15% in 2001, and 37.7% and 51.1% in
2008, to 33% and 36% in 2009 (under the influence of the international financial crisis) [9,10]. In 2014,
the share of China’s primary aluminum production is 53.3%. So it seems that there exists a surplus.
However, the proportion of bauxite reserves in China is only approximately 3% of that worldwide,
and the per-capita bauxite reserve in China is only one-tenth of the world average level [11]. The static
fixed number of years for availability of bauxite in China is only 20 years or so according to the mining
quantity in 2005 [12]. The bauxite in China has the properties of high aluminum, high silicon, and low
aluminum–silicon ratio, which leads to difficulties in mining and smelting it; also, it consumes larger
amounts of energy and discharges more pollution [13–15]. China imports substantial bauxite, and the
external dependency has gone up gradually, from 19% in 1996 to 41.3% in 2014 (highest in 2011 at
53%). Due to the complicated international situation, the aluminum supply will be uncertain. So, it is
necessary to analyze aluminum’s entire life cycle and evaluate its supply structure to understand the
general situation of aluminum production, consumption, and trade in China.

From the aspect of mineral resources supply, researchers focus on the following subjects:
availability of mineral resources [16–18]; emphasizing the fixed number of years for availability,
grade, and reserves of domestic mines; guarantee degree (excluding secondary resource); mining costs
and economic benefits; the evaluation of supply risk [19,20]; supply; and demand forecasting [21–23].
However, there are few studies about the supply structure of mineral resources and evaluation of
guarantee degree (including secondary resource and trade). This paper applies SFA to analyze the
aluminum resource supply structure and guarantee degree in mainland China from 1996 to 2014.
We hope the research results can be a reference for policy makers in creating reasonable aluminum
supply policies so as to secure a sustainable supply and avoid supply risks.

2. Methods

2.1. Substance Flow Analysis (SFA) and Brief Literature Review

Material flow analysis (MFA) is a systematic assessment method of the stocks and flows of
materials within predefined anthropogenic temporal and spatial boundaries [24]. MFA is the pioneer
of SFA; SFA is specialized in noxious or specific elements and can track the sources, pathways,
transformation, and final sinks through their life cycle [25]. It has been extensively used by decision
makers in determining the appropriate use and waste management of resources. The foundations
of SFA are law of conservation of mass, life cycle theory, and input–output model, and the core of it
is accurate data. In this method, the item “flows” are defined as the quantity of an element moving
from one stage to another stage or from one destination to another destination; the item “stocks” are
defined as the quantity of an element in “urban mines” or lost to the environment, calculated by weight.
The main flows consist of transformation flows, recycling flows, loss flows, and trade flows, and the
main stocks consist of in-use stocks and loss stocks.

Taking the example of aluminum, SFA divides the whole life cycle into four main stages (Figure 1):
Production (P); Fabrication & Manufacture (F&M); Use (U); and Waste Management & Recycling
(WM&R), each stage embraces the basic sub-processes (except U) and balances for material inputs
and outputs. In SFA, certain temporal and spatial boundaries are characterized in the four life stages
of the anthropogenic aluminum life cycle [26]. Figure 1 depicts the system boundary of aluminum,
and the entire life cycle and sub-processes of aluminum in China are distinct. In the Production
stage, there are three sub-processes: mine/mill, smelter, and refinery. Then comes the Fabrication
and Manufacture stage, when aluminum alloys and pure aluminum are fabricated to foundry casting,
rolling, extrusion, rod and wire, and other semi-products; the final aluminum-containing products
are manufactured with aluminum semis and other raw materials. As for consumption structure,
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aluminum-containing products in Use stage are sorted into seven categories: building & construction
(B&C), transportation (T), consumer durables (CD), machinery & equipment (M&E), electrical
engineering (EE), containers & packaging (C&P), and other products. In the Waste Management
and Recycling stage, end-of-life products and scrap are collected, separated, and treated. Some are
remelted secondary aluminum, but others that have no economic value are incinerated. Trade or
exchange with other regions occurs in every stage, even sub-processes. At the same time, resources
and energy consumption, dissipated loss, and pollutant emissions to the environment happen at every
stage too. Actually, aluminum, either bauxite or primary aluminum, exists in chemical compound
form in nature. However, all values of aluminum stocks and flows in this study are in terms of
aluminum content, therefore the aluminum content is calculated using atomic weights and some
transfer coefficients estimated from the previous literature [27,28].
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A considerable amount of information such as development situation, consumption, trade,
recycling, and loss of aluminum industry can be obtained from SFA. Consequently, the information
provide a base and support to design and make resource policies; many research fields are
involved in the following: (1) analysis of quantities in the entire system—Chen researched the
whole life cycle of aluminum including production, trade, consumption, stocks, and losses using
the SFA method [8–10,15,29]; Buchner analyzed Austrian aluminum flows in 2010 using a static
SFA model and conducted extensive research on aluminum production, consumption, trade, and
waste management [30]; (2) recycling and sustainability—Melo developed several models (statistical
approaches) for estimating the potential scrap arising from discard metal-containing products to
predict the amount of aluminum old scrap in the waste management stage in Germany [31]; Boin
and Bertram carried out mass balance analysis in the aluminum recycling industry for the EU-15
in 2002 [32]; Hatayama et al. reported a dynamic SFA of aluminum and its alloying elements in
Japan to estimate future quantities of discarded aluminum in each of the eight categories using a
population balance model [33]; (3) combining with other aspects such as value chain and environment;
Dhalström analyzed aluminum flows in the United Kingdom in 2001 combining SFA with economic
and environmental dimensions to create a value chain analysis [34]; Gang developed a dynamic SFA
model to simulate the stocks and flows of the U.S. aluminum cycle and analyze the corresponding
greenhouse gas (GHG) emissions [13]. Of course, this wonderful methodology was also conducted
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to research other metals, such as copper [35–40], nickel [41], zinc [39,42,43], iron [26], lead [44,45],
silver [46], phosphorus [47,48], and so on. In recent years, this method has been applied at a more
micro level, and used to measure the recovery rate, recovery amount, and recovery potential of a
certain kind of product within a region or a small area [49–54].

However, there are fewer studies on guarantee degree starting with supply structure under the
SFA method. This paper analyzed the data structure of various aluminum flows in detail, gave a clear
diagram of aluminum supply structure in China, then put forward feasible suggestions according to
the research for obtaining guarantee degree of China’s aluminum resources.

2.2. Supply Structure Model

Aluminum supply in China can be classified into five parts: primary aluminum, secondary
aluminum, trade, overseas investment on bauxite, and substitute goods. However, overseas investment
has not formed an effective support to China’s aluminum industry [55], and the proportion of substitute
goods of aluminum or aluminum alloy are so small that they can be ignored. Therefore, the supply
structure of China’s aluminum in this paper is the proportions of the former three parts taking up
the domestic consumption plus “inventory”. Each part also possesses several sub-classifications
(Figure 2). The “inventory” is just the balance of supply and consumption, and does not have much
practical significance.

In this model, the section of primary aluminum includes five sub-classifications: reserves, bauxite,
alumina, primary aluminum, and aluminum products. They are five successive products in the
course of mining, smelting, fabricating, and manufacturing. The section of secondary aluminum
includes three sub-classifications: secondary aluminum, new scrap, and old scrap. Similarly, these
three sub-classifications also cannot be added together or subtracted out because secondary aluminum
comes from remelted new scrap and old scrap. The section of trade includes six sub-classifications:
bauxite, alumina, unprocessed aluminum, aluminum products, manufactured goods, and scrap.
They are aluminum-containing materials through trade, and this paper requires the net imported
quantity of unprocessed aluminum. The inventory is the part of supply more than consumption of
the same year.
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The research model contains five variables: the production of primary aluminum, secondary
aluminum, net import of unwrought aluminum, domestic consumption and inventory, and their
relationship is domestic primary aluminum + domestic secondary aluminum + net import of
unwrought aluminum = domestic consumption ± inventory. PP, Ps, and Pt represent, respectively,
the proportions of domestic primary aluminum supply, domestic secondary aluminum supply,
and net import of unwrought aluminum taking up consumption and inventory. In addition, the bauxite
that produces domestic primary aluminum and the recycled scrap that produces secondary aluminum
are sourced from the homeland and other countries, so the calculations for self-productive supply
structure are as follows:

Ps
p = Pp × Db/(Db + NIb)Ps

s = Ps × Ds/(Ds + NIs) (1)

Ps
p = Pp × Db/(Db + Ib)Ps

s = Ps × Ds/(Ds + Is) (2)

Ps
p and Ps

s represent the proportion of self-productive primary and secondary aluminum in the
supply structure, respectively. They are considered as the guarantee degrees of primary and secondary
aluminum. Db and Ds denote, respectively, production of domestic bauxite and domestic recycled
scrap; NIb, Ib, NIs, and Is denote net import of bauxite, import of bauxite, net import of scrap and
import of scrap respectively. The exported amounts of bauxite and recycled scrap are so small that
Equation (1) can be expressed as Equation (2):

TSG = Ps
p + Ps

s . (3)

TSG is the total supply guarantee degree of China’s aluminum resources.

2.3. Data Compilation and Assumptions

The data are from various sources. Some comes from governmental or industrial statistics such
as the China Nonferrous Metals Industry Yearbook, the World Bureau of Metal Statistics, the United
States Geological Survey (USGS) and the Research Center for Strategy of Global Mineral Resources,
Chinese Academy of Geological Science. Missing data are supplemented by the interpolation method
or the law of conservation of mass. The spatial boundary of this paper is mainland China, and the
temporal boundary of this paper is the late 1990s, because Chen concluded that growth rates of all
aluminum flows in mainland China increased from decade to decade, with 75% of the flows taking
place in the last two decades [10].

This paper gives some assumptions for better analysis of aluminum supply structure in
mainland China: (1) Three parts constitute the whole aluminum supply structure of mainland
China; (2) Some quantities of aluminum-containing materials in this paper are physical quantities,
while some are metallic content, because of the inaccuracy of parameters and metallic proportions of
aluminum-containing materials and aluminum products. However, the applied data is metallic content
at the final calculations of PP, Ps, Pt and Ps

p, Ps
s ; (3) In Section 4, this research makes a hypothesis that

steady and rapid economic development will occur as long as there is no economic boom or depression
in the course of forecasting supply and demand.

3. Results

3.1. Domestic Aluminum Supply

3.1.1. Primary Aluminum Supply

The absolute quantities and annually relative changes of aluminum-containing materials in
mainland China from 1996 to 2014 are shown in the Figures 3 and 4. The changes of all aluminum-containing
materials depicted in Figure 3 are regular except reserves, bauxite output, and alumina production.
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The average annual growth rates in this period of primary aluminum production, total aluminum
products, and aluminum wire roads are 16%, 23.4%, and 28.3%, respectively. Aluminum reserves
increased approximately 4-fold in 1998, which denotes the abundant fruits of prospecting in this year,
but increased slowly in later years. There emerged a strange phenomenon in bauxite output: in the
period 2008–2011, the production of alumina, primary aluminum, and total aluminum products all
increased slowly even had a tendency of decreasing, and the average annual growth rates are 14.6%,
9.5%, and 17.6%, respectively, lower than the average rates from 1996 to 2014 due to the international
financial crisis; however, the bauxite output increased rapidly in this period and the average growth
rate was 15.8%—by comparison, the average growth rate from 1996 to 2007 was 8.1%. However,
it was halved in 2012, and there were no big changes in 2013 or 2014. As for the alumina production,
it reduced by a quarter in 2014.
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There are nine aluminum products (plate, strip, row, tube, bar, sheet, wire, section,
and miscellaneous) illustrated in Figure 4, and the proportions of these products are distinct. In 2014,
the most significant proportions are section, plate, and bar, which are 45.3%, 16.8%, and 10.8%,
respectively, but the smallest proportions are row, wire, and tube, which, respectively, are 0.4%, 1.2%,
and 1.7%. The largest change is in miscellaneous, from 44.3% in 1998 to 1.3% in 2014; the next is section,
from 26% in 1998 to 45.3% in 2014; the third is bar and plate, from 3.2% and 10.4%, respectively, in 1998
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to 10.8% and 16.8% in 2014. There are no obvious changes in the proportions of other aluminum
products. For further analysis, the amounts of all products increased dramatically on the whole;
the average annual growth rates were 28.6%, 26.9%, 38.4%, 38.1%, 45.9%, 25.6%, 50.4%, and 28.6%
(except miscellaneous, only 8%) from 1998 to 2014. At the same time, the growth rate of miscellaneous
in 2014 is −2.6% in comparison with the year 1998. Although the decrease in amount of miscellaneous
was only 2.6%, its occupied proportion of total aluminum products dropped markedly. This is because
production of miscellaneous underwent no significant change in these years, but the production of
other products increased rapidly.

3.1.2. Secondary Aluminum Supply

Domestic recycled scrap and the quantity and structure of secondary aluminum in mainland
China in the period 1996–2014 are displayed in Figure 5. The secondary aluminum industry in China
shows a tendency of steady and rapid development due to the advanced concept of circular economy
and the strategy of sustainable development. The average annual increase rates of recycled scrap
and secondary aluminum are 14% and 27.8%, respectively. Secondary aluminum comes from scrap
by recycling, disassembling, disposing, or remelting; therefore, the amount of recycled scrap should
be more than of secondary aluminum. By contrast, the amount of recycled scrap has been less than
that of secondary aluminum since 2004, and the gap between them has become greater since 2009.
The ever-increasing imported scrap filled up the gap and explained this phenomenon.
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3.2. Trade

International trade plays an important role in promoting the development of participant countries
and the world economy. It can adjust the relationship of supply and demand of international markets,
make full use of essential productive factors, improve the production efficiency of participant countries,
optimize the structure of domestic industries, and so on.

The trade situation of bauxite, alumina, and unwrought aluminum in mainland China from 1996
to 2014 is shown in Figure 6. In general, the quantities of imported or exported bauxite, alumina,
and unwrought aluminum kept increasing, but the course was full of reversals and zigzags, without
obvious regularity. Bauxite import grew rapidly in the period 1996–2008 and the average annual
growth rate was 72%, especially high in 2006 (increased by 3.3 times) and 2007 (increased by 1.5 times).
However, due to the influence of the international financial crisis, it declined by one-fifth in 2009.
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Then it increased and reached a peak in 2011. In 2012–2014, the imported amount was at one-third
or so of that in 2011, while the exported amount was very small (0.15 Gg in 2010), which this paper
neglects. There are two points that can be made with respect to alumina import in 2005 and 2011.
The imported amount gradually increased from 1996 to 2005, with an average annual growth rate
of 24.3%, and reached a peak in 2005. Then it decreased from 2006 to 2011, with an average annual
decrease rate of 16.2%, decreased by about one-quarter in 2011, then increased slowly. The exported
amount of alumina reached a maximum in 2009, but it is still smaller comparison with the imported
amount, and there are no significant changes, so the change regularity of net imported amount is
similar to that of the imported amount. The quantitative base of imported unwrought aluminum is
very small in comparison with that of bauxite and alumina, but the situation is more complicated.
It kept increasing at a rate of 39.2% from 1996 to 2000, then reduced by half in 2001. In the period
2002–2004, it increased at a speed of 34.4%, then reduced by one-third in 2005. From 2006 to 2008,
it reduced in speed by 26.3%, then grew quickly to a maximum in 2009, about seven times the quantity
in 2008. Then, it hovered at between one-fifth and one-third of that in 2009. The exported amount
of unwrought aluminum increased more quickly, reaching a maximum in 2004, and the average
annual growth rate in this period was 59.1%. Then it decreased steadily from 2005 to 2014, but also
increased in some years. The net imported amount of unwrought aluminum is basically negative,
so for convenient calculations net export is adopted in this research. However, the more imports and
fewer exports, especially in 2009, denote that China is pursuing transformation of the trade structure.
Through importing more unwrought aluminum, China wants to satisfy the demand for domestic
rapid industrialization and urbanization, implementing the strategies of sustainable development and
scientific development.

The aluminum products through international trade contain powder & flakes, bar & road &
profile, wire, sheet & plate & strip, foil, tube & pipe, and tube accessories. The total imported quantity
of aluminum products has been increasing steadily since 2001, reaching a maximum in 2007, then
gradually dropped and still had a tendency to drop in the future. While the exported quantity increased
on the whole from 2001 to 2011, with an average annual increase rate of 33.1%, it still had a tendency to
increase in recent years. As we can see in Figure 7a, the proportions of varieties of imported aluminum
products have not changed much. The largest proportion of total imported aluminum products is
sheet & plate & strip, from 68% in 2001 to 72% in 2011; the next are bar & road & profile and foil, from
16% and 12% in 2001 to 12% and 10% in 2011, respectively. However, the change of export structure
of aluminum products is rather complicated. In 2001, the largest ratio of total exported aluminum
products is bar & road & profile, the next are sheet & plate & strip and foil, with ratios of 51%, 23%,
and 19%, respectively; nevertheless, in 2011, the largest ratio was sheet & plate & strip, followed by
bar & road & profile and foil, with ratios of 47%, 28%, and 21%, respectively. In addition, there are two
points to be recognized: (1) the ratio of exported tube & pipe remained below 5% in 2001, but increased
to 16% in 2008; (2) the ratio of exported wire remained below 2% in 2001, but increased to 5.6% in
2006. Although the exported quantities of other aluminum products grew quickly in this period, the
quantitative base is very small comparison with sheet & plate & strip, bar & road & profile and so
on, so the ratios of them on the total exported quantity are also small. Moreover, the influence of the
international financial crisis in 2008 on aluminum product export is obviously great, and the export
structure has changed significantly.
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The import and export situation of manufactured goods and scrap in mainland China in the period
of 2001–2011 are displayed in Figure 8. The imported amount and exported amount of manufactured
goods are increased at a speed of 5.2% and 23%, respectively. The exported amount is much more
than the imported amount; consequently, the net import amount was negative. Combined with the
trade situation of aluminum products, an essential condition can be found: China imported aluminum
products but exported manufactured goods, and became an important manufacturing center during
this period. This finding is consistent with Chen [10]. As for scrap, because of almost no export,
the amount of net import is decided by import, and the average annual growth rate is 25%. The energy
required for the separation and remelting of aluminum scrap to produce secondary aluminum might
be only 5%–10% of that needed for primary aluminum [31,58], therefore substantial imported scrap not
only relieves the pressure on the domestic environment in the course of producing primary aluminum,
but also can satisfy the needs of China’s rapid industrialization and urbanization.
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3.3. Domestic Consumption and Inventory

The domestic consumption of aluminum-containing products has been increasing quickly since
1996, except for 2008. The average annual growth rate is 16%, and that looks likely to increase in the
coming years. At the same time, temporary inventory also grew quickly, except in 2009. Before the
21st century, there was hardly any inventory because of a situation where demand slightly exceeded
supply. It has reached a stable level of 5000 Gg or so since 2010. A very small or even negative
inventory implies that aluminum supply is difficult to feed domestic consumption, and relatively more
inventory shows low consumption demand and weak economic development or market saturation.
Accumulated aluminum inventory can be consumed for two years in the consumption level of 2014,
so the de-stocking programs must be implemented as soon as possible.

Aluminum consumption composition is also experiencing some changes. As shown in Figure 9b,
the distinct boundary of consumption composition change from 1998 to 2014 was in 2000. Before 2000,
the largest consumption proportions were CD and EE; the fastest-growing segment was B&C, and the
next was T; the fastest-reducing segment was CD, and the next was Others; the proportions of the
other three categories did not change much. After 2000, the largest consumption proportions were
B&C and T, and the shares of these seven categories were stable.
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Durables (data source: Research Center for Strategy of Global Mineral Resources, Chinese Academy of
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These appearances reflect the contemporary situation of the economy and society. In the 1990s,
urbanization dove vigorous construction of infrastructure and public facilities: housing, roads,
railways, electrical equipment, and so on. Because of the increase in living standards, household
appliances entered into the homes of ordinary people and increased convenience. CD can continue
to consume for a long time, so it is the fastest-reducing segment of aluminum-containing product
consumption before 2000. In the 21st century, the consumption proportions of different kinds of
aluminum-containing products are stable. The segments of B&C and T account for half the aluminum
consumption, which denotes a higher standard of living.

3.4. Supply Structure and Guarantee Degree

The ratio of domestic primary aluminum to the total amount (consumption and inventory)
gradually increased and then declined in the period 1996–2014, and it has been 80% of the total after
2010. The primary aluminum produced domestically can satisfy domestic demand, especially in
1998, 2002, and 2003. However, almost half of the bauxite used to produce primary aluminum came
from other countries after 2006, and the value has a tendency to increase. This drove the proportion
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of self-productive primary aluminum down until it reached a stable level at about 40% after 2007,
but it was only approximately 34% in 2011. At present, international relationships are extremely
complicated. If some countries cut off their bauxite supply, China would only produce half of the
primary aluminum, and would not meet the needs of domestic production and construction. Moreover,
importing substantial bauxite and then producing primary aluminum domestically could consume
large amounts of energy and also bring about environmental pollution and ecological damage.

However, the proportion of domestic secondary aluminum went up slowly in this period and
was about 20% after 2004. This is a favorable beginning from the perspective of circular economy
and sustainable development because of less energy consumption, circular use of metals, and less
ecological pollution in secondary aluminum production. Nevertheless, like bauxite, only half of the
recycled scrap that are produced secondary aluminum is from China, which makes the self-supply
ratios go down; they reached a stable level of about 10% after 2004.

The proportion of aluminum supply through trade has no obvious regular pattern and negative
values occur. In general, the exported amount of unwrought aluminum was more than the imported
amount, and China was an exporter except in 1996, 1999, 2000, and 2009. This means that domestic
primary aluminum production can meet the domestic demand and even supply other countries.
After 2010, cost-to-income of unwrought aluminum is on balance in trade, thus there is no significant
effect on the total supply guarantee degree.

The line with dots (TSG) in Figure 10 shows the situation of total supply guarantee of
self-productive aluminum, and the degrees gradually weakened: in 1996–1998, China’s aluminum
industry was self-sufficient, but after 2006 the total supply guarantee degree of China’s aluminum
resource was only about 50%, or 45% in 2007 and 2011. From the point of the whole supply chain, the
upstream of China’s aluminum industry is in short supply, and the downstream of it can basically
satisfy domestic needs. So resource constraint is a significant factor that will influence the sustainable
development of China’s aluminum industry.
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3.5. Main Results and Findings

The main results and findings are as follows. With respect to the domestic aluminum supply,
the average annual growth rates of primary aluminum production, total aluminum products,
and aluminum wire rods are 16%, 23.4%, and 28.3%, respectively. The most significant proportions
of gross aluminum products were section, plate, and bar, but relatively small proportions were
contributed by row, wire, and tube in 2014. The secondary aluminum industry in China shows a
tendency of steady and rapid development due to the advanced concept of the circular economy and
the sustainable development strategy. The proportions of secondary aluminum from new scrap and
old scrap in 1996 were 44.5% and 55.5%, while that from new scrap gradually went up to 76.5% and
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that from old scrap dropped to 23.5% in 2014. With respect to trade, the quantities of imported or
exported bauxite, alumina, and unwrought aluminum kept increasing in general, but the course is
full of reversals and zigzags. In the meantime, China is an exporter of unwrought aluminum and
an important manufacturing center, thus China should pursue the transformation of trade structure.
The supply structure of China’s aluminum consumption in 1996 was: primary aluminum: 81.5%,
secondary aluminum: 8.3%, and trade: 10.2%; in 2014, it was: primary aluminum: 80.6%, secondary
aluminum: 19.6%, and trade: −0.2%. The supply structure of China’s aluminum basically consists of
80% primary aluminum and 20% secondary aluminum, but secondary aluminum has the potential to
expand from the perspective of sustainable resource supply. In addition, with respect to the guarantee
degree, this is because almost half of the bauxite and scrap needs to be imported; the proportions of
self-productive primary and secondary aluminum in the supply structure decreased to 42.8% and
12.8%, respectively in 2014. So, in the end, the total supply guarantee degree of domestic aluminum
resources went from 87.3% in 1996 to 55.6% in 2014. From the perspective of the whole supply chain,
the upstream of China’s aluminum industry is in short supply, and the downstream products of it can
basically satisfy domestic needs.

4. Analysis and Discussion

The research results showed that China will be in the middle and late stage of industrialization
over the next 20 years and its aluminum consumption demand is expected to reach a peak in 2025 in
the reference scenario [55,59]. That is to say, China’s aluminum demand will continue to increase in
later 10 years from now. Furthermore, China’s aluminum consumption trajectory has characteristics of
forward compared with other industrialized countries. This is because China actively adopted existing
advanced science and technology to retain its rapid industrialization development mode. On the
contrary, the aluminum resource supply of China presents a different scene: (1) Compared to the world,
China’s bauxite reserves are poor and their quality is low; (2) the country’s external dependency is
high and the sources of import are concentrated. For example, China’s imported bauxite was sourced
from a total of 14 countries and regions in 2011; among these places, the main sources were countries
such as Indonesia (80%), Australia (19%), India, and Malaysia [55]; (3) Aluminum resource supply is
highly influenced by the policies of foreign countries. In early 2014, Indonesia issued export bans on
bauxite aimed at China, and this led to fluctuations in China’s aluminum market. This implied that
importing resources is not safe and reliable, and China must rely on its own efforts to overcome the
uncertainty of the aluminum supply.

As illustrated in the supply structure, production of domestic primary and secondary aluminum
can meet the consumption demand, and even create a surplus. However, about 50% of upstream
raw materials rely on importing. Therefore, the total guarantee degree was only 55.6% in 2014.
So, sustainable and safe supply of aluminum resource is a big challenge for China, a country
undergoing rapid development. It is worth noting that the proportion of secondary aluminum
increased quickly in the supply structure. Because of China’s rapid increase in aluminum in-use stocks
in the last two decades, these aluminum stocks may become ground sources in the future. The recycled
scrap generated from in-use stocks will become essential, and quantifying this tremendous potential
has far-reaching significance for China.

Under the above analysis, there are some solutions to reduce the uncertainty of sustainable supply,
and the advantages and disadvantages of these solutions are as follows. New technologies can be
developed to try to refine alumina from other raw materials, and substitute goods are also feasible.
These two solutions are not so effective at present because there are very few other raw materials
that can be used and it will take a long time to seek for substitute materials. Furthermore, overseas
investment is also important to reduce the uncertainty of aluminum supply, but now it is not so
effective. Therefore, to optimize the aluminum supply structure and enhance the use ratio of secondary
aluminum is an appropriate solution in the current situation. That is to say, recycling scrap from in-use
stocks to produce secondary aluminum is a wise choice.
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Theoretically, although the four improved methods of recycling scrap that Chen proposed cannot
provide a good solution for determining the spatial distribution (at a resolution lower than that
of countries) of in-use stocks [60], to combine these methods with some geological technologies
such as remote sensing and geographical information system models will be feasible and can bring
about additional benefits [61–63]. In practice, devoting greater efforts to recycling aluminum scrap
to produce secondary aluminum to guarantee sustainable aluminum supply is a step in the right
direction. To realize this goal, it is urgent to establish a complete recycling system for discarded metals
as soon as possible. Of course, other recyclable items such as paper, plastic, wood, and so on can be
recycled in the meantime. The Chinese government needs to invest much capital and issue a series
of preferential policies at an early stage to reduce recycling costs and attract the active involvement
of large numbers of enterprises and the public, and more attention should be paid to the sound
environmental management of the recovery process.

5. Conclusions

Bauxite resources in China are inadequate and their grade is also low compared with that from
elsewhere in the world. However, with the rapid development of domestic industrialization and
urbanization, aluminum demand has increased dramatically in the last two decades. At present,
in order to satisfy domestic demand, China must import substantial raw materials (bauxite and scrap)
to produce aluminum. In addition, complicated international relationships mean that China will face
supply risks if the export policies of certain countries change. How to guarantee the sustainability
and safety of aluminum supply is a big challenge for China. This paper applied SFA to analyze the
aluminum flows and overall situation of China’s aluminum industry from 1996 to 2014, and established
a supply structure model to measure the guarantee degree in this period. The objective of this paper is to
find a way to reduce the uncertainty in aluminum resource supply and guarantee its sustainable supply.

There are some conclusions following from this research. China’s aluminum production can
satisfy its demand and even create a surplus. However, at a deeper level, upstream resource constraint
is a significant factor that influences the sound development of China’s aluminum industry, and there
are supply uncertainties and risks due to limited aluminum resources and complicated international
relationships. So the import sources of bauxite should be diversified, and overseas investment in
countries with rich bauxite ought to speed up the course. The other fundamental way is to enhance
the proportion of secondary aluminum in the supply structure. China should devote greater efforts to
establishing an efficient aluminum recycling system to ensure a sustainable supply.

However, related scenario analysis for stocks and the potential of aluminum remains a challenge.
To gain further insight into this topic, it is vital to be certain about the spatial distribution of the existing
infrastructures, calculate the lifetimes of varieties of aluminum-containing products accurately, and
advance the technologies for efficient metal recycling. These points will be research highlights in
the future.
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