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China is currently the largest producer of rare earths in the world, mining at least 90% of world total
production. Because of China's dominant position in global rare earths production and the constant
development of rare earths terminal industries, the study of China's rare earth supply trends has
gradually been a hot topic of world interest. However, the literature shows that previous research has
mainly focused on the estimation of rare earth supply and its influence based on experiential judge of
current and premonitory new rare earth production capacity, rather than on quantitative modeling. The
results are usually estimations of the productions of near future rather than longer term. Forecasts by
mine types are particularly rare. Considering the different applications and demands of different rare
earth elements, the Generalized Weng model, a widely used quantitative model in exhaustible resource
forecast, is adopted in this study to predict the production of the three major rare earths in China
(namely, mixed rare earth, bastnasite and ion-absorbed rare earth) before 2050. The results show that
production of mixed rare earth will peak in 2014 at 62,757 t, followed thereafter by an annual decline of
2%; production of bastnasite will peak in 2018 at 32,312 t, preceded by an annual increase of 1.67% and
followed by an annual decrease of 4%; production of ion-absorbed rare earth will peak in 2024 at
45,793 t, preceded by an annual increase of 1.72% and followed by an annual decrease of 4%. Based on
these findings, Chinese government should enforce environmental and resource exhaustible taxes soon
and different domestic regulations for different rare earths according to their different production
potential. Countries without resource endowments should make efforts to develop rare earth recycling
technologies and seek substitutes for rare earth resources, in addition to keeping good international
trading relationships. Countries with some kind of rare earths should start or restart their rare earth

mines to gradually reduce dependence on China's supply.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).

Introduction

initiatives since 2006 to restrict the supply, the United State, the
European Union, and Japan challenged China as lawsuit for violating

Rare earth elements (REEs) are performing important functions in
our everyday life with their wide use in a range of products
(McLellan et al., 2013). Meanwhile rare earths (REs) are also indis-
pensable elements in modern industry with the uses in new energy,
new materials, energy conservation, environmental protection, aero-
space, and electronic information industries because of their unique
physical and chemical properties. To protect the environment and
ensure sustainable supply, the Chinese government implemented a
series of policies to limit production and export. After several
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provisions of its membership in the World Trade Organization
(Ministry of Commerce People's Republic of China, 2014). It is easy
to see from the lawsuit case that rare earth resources have been one
of the targets of world competition accompanied by continuous
development in rare earths-related industries.

There are currently 110 million tons of REEs proven reserves
globally. Half of these reserves are located in China, with Russia
accounting for another 17.3% and the United States for 11.8%.
Sizeable deposits are also found in Brazil, India, Australia, Canada
and Greenland (Wiibbeke, 2013). The United States was the
leading producer of rare earths from 1940s to mid-1980s, when
it provided the majority of REs to the rest of world from the
Mountain Pass mine in California which is one of the best minable
deposits in the world (Gschneidner, 2011; Morrison and Tang,
2012). With the abundant and low-price REs supplies from China,
Mountain Pass was unable to compete. Moreover, given the mine's
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increasing ecological costs as a result of a halt in chemical
processing in 1998 on the back of a series of wastewater leaks,
operations ended in 2002 (Currie, 2012).

China gradually has entered the international market for rare
earths since the 1980s, and China's rare earth production has
maintained an absolute leading position since 1986. During the
1990s, China's REs production increased sharply (He and Lei, 2013).
China's overall rare earth mine production has almost become
synonymous with global production since 2004. Obviously, China
has become the world's largest producer, user, and exporter of REs
in the recent decade with 97% share of global RE production
(Massari and Ruberti, 2013).

With the constant development of rare earths terminal industries,
the study of China's rare earth supply trends has gradually been a hot
topic of world interest. However, literatures show that previous
researches have mainly focused on the estimation of rare earth
supply and its influence based on experiential judge of current and
premonitory new rare earth production capacity, rather than on
quantitative modeling. The results are usually estimations of the
productions of near future rather than longer term. Forecasts by ore
types are particularly rare.

Considering the exhaustible nature of rare earths and different
applications and demands of different rare earth elements, the
Generalized Weng model, a widely used quantitative model in
exhaustible resource forecast, is adopted in this study to predict
the production of the three major rare earths in China (namely,
mixed rare earth, bastnasite and ion-absorbed rare earth) before
2050 and policy recommendations for different countries have
been proposed based on the research results.

Literature review
Prediction of exhaustible resources

Exhaustible resources and energy are the basis of national
economic development. The prediction of exhaustible resources
and energy production is of profound significance, in that it not
only assists governments to work out long-term resource and energy
strategic plans but also helps to maintain sustainable social and
economic development. Prediction of exhaustible resource produc-
tion has its origin in oil sector. By middle of 20th century, methods of
predicting field-level production were used in evaluating producing
fields (Arps, 1945). In the 1950s and 1960s, curve-fitting techniques
were used to forecast production (Hubbert, 1956). After the oil crisis
of 1973, elevating resource depletion was to be a topic of vigorous
theoretical exploration (Krautkraemer, 1998). And finally, the 1970s
and 1980s saw increasing focus on econometric modeling of oil
discovery and extraction (Walls, 1992). After that, the three techni-
ques were applied to production prediction of other exhaustible
resources and proved to be very effective for this purpose. Never-
theless, Brandt contends that all three techniques have its defect. For
example, theoretical exploration and econometric model require the
quantification of a large number of relationships and correlations,
often in the face of conflicting or nonexistent data (Brandt, 2010).
The curve-fitting technique is too dependent on original curves of
event where no more flexibility of adjustment exists to variables.
However, compared with the other two methods, the curve-fitting
technique is the least data needed, particularly in the case of China's
REs where the relevant data are especially difficult to get.

Among curve-fitting techniques, many scholars have adopted
the Hubbert model (a typical bell curve model, which was first
proposed by Hubbert) in production forecasting of energy
(Bartlett, 2000; Hubbert, 1956; Zittel, 2007; Hook and Aleklett,
2009; Hook et al, 2010; Lin and Liu, 2010). After the Hubbert
model, a variety of Hubbert-like curve-fitting models appeared,

two among which are the Gaussian model (Bartlett, 2000; Brandt,
2007) and the Gompertz model (Moore, 1962, 1966). These models
share properties of the Hubbert method while relaxing or altering
some of its assumptions. Chinese scholars put forward the HCZ
model (Feng et al., 2008; Hu et al., 1995) as well as the Generalized
Weng model (Chen and Hu, 1996; Lv et al., 2012; Tang et al., 2009;
Qiang et al., 1995), based on their studies of the curve-fitting
techniques. These two models have mainly been used by Chinese
scholars in their later research.

Prediction of REEs

Because of the extensive application of REEs and the important
position of China's RE reserves and production, studies on RE
production have been increasing. Kingsnorth reported that the RE
supply of other countries apart from China will increase signifi-
cantly during 2011-2015, based on an analysis of the foreign RE
companies' production and operation planning, RE research pro-
grams in these companies, and Japan's overseas RE investment
projects. They also pointed out that the global RE supply will
exceed the demand after 2013, and China's share of the supply will
decrease (Kingsnorth, 2010b). Kingsnorth predicted that by 2014,
China's RE production will reach 160,000-170,000 t (Kingsnorth,
2010a). Chen Zhanheng reported that foreign RE production
capacity will exceed 170,000t after 2015 by evaluating the rare
project investment of all continents, and China's RE production
will only account for 64% of global supplies if the foreign RE
projects proceed as planned and domestic RE production can be
maintained at 85,000 t as achieved in 2013. He also reported that
foreign RE demand will be at least 80,000 t in 2015, and the lack of
foreign supply of REs will reach 18,000-50,000 t if China's export
quotas are set between 32,000 t and 35,000 t (Chen, 2011). Zheng
Minggui by analyzing the reports of <Situation and Policies of
China's Rare Earth Industrys> and <Critical Rare Earthss> and
combined with the distribution of globe Rare Earth reserves
predicted that China's share of the world's RE supply would be
reduced to 77% by 2013 and reduced to 43% by 2017 (Zheng and
Chen, 2012). In the case of China's restrictions on RE exports,
Castor indicated that the Mountain Pass RE Mine in US may be
reopened, and its RE output depends on China's export restric-
tions, price increase, and the growth of domestic demand and
other factors (Castor and Hedrick, 2006). Based on China's Rare
Earth Development Plan (2009-2015) and media reports, Wiib-
beke analyzed China's rare earth export policy and the develop-
ment trend of China's rare earth terminal industry and indicated
that by 2015, there will be no new RE mine projects and predicted
that by 2015, China's RE output will be maintained betwe-
en130,000 t and150,000 t and exports will be less than 35,000 t
(Wiibbeke, 2013). Hurst explored the history of rare earth ele-
ments and China's current monopoly of the industry, including
possible repercussions and strategic implications if rare earth
elements supply was to be disrupted and mentioned that by the
middle of the next decade, China's RE output is expected to reach
160,000 t per year (Hurst, 2010). Based on documentary Research
Methods, He and Lei point out that U.S. re-emerging REs industry
will lead to a significant impact of RE supply surplus in total on
future global and its internal REs demands. Nonetheless, the global
including U.S. demand of Heavy REEs will still rely on China's
supply (He and Lei, 2013).

Research orientations

By reviewing the previous literature, some research orienta-
tions have been found. First, many quantitative models have been
used in exhaustible resources forecast for a long time, especially
the curve-fitting techniques. However, each method has its own
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Table 1
Curve-fitting models in exhaustible resource forecasting.

Model Production forecasting formula Variable Parameters

Hubbert Q= abNge’n”'2 Np t ab
(1+ae—bty

Gaussian Qi = Qo e(*(t*TPwk ) /24%) Qmax Tpeako  ~

Gompertz Q = Nga” Np t ab

HCZ Q = aNge(—@/be"~bt) Ng t ab

Generalized Weng Q, = atPe~/0 t abc

Q denotes the production of REEs at time t; Ny is called the ultimate reserves, which
are the cumulative production after all recoverable reserves have been produced; t
is the year corresponding to the peak; a, b and c are simply statistical parameters;
Quax is the maximum production (peak production); Tpeq is the year of peak
production; ¢ is the standard deviation of the production curve.

defect with regard to the requirements of data source or data
processing for variables, as Table 1 shows in the curve-fitting
models. As suggested by the name “rare earths”, data concerning
the details of rare earth reserve, production or price, happen to be
really rare. Models chosen to forecast the production should fit the
possibility of data acquisition.

Second, the previous research on RE production forecast mainly
focuses on estimating global and Chinese RE production based on
the current and premonitory production capacity of RE mines or
programs worldwide, while few papers are found to forecast peak
production and trends of REs with quantitative models. The results
are usually estimations of the productions of near future rather
than longer term.

Third, few literatures show production forecast by different ore
types of rare earth, though it is particularly important because of the
different applications of different rare earth ores with different
demands. One of the reasons for the rarity may be the difficulty of
obtaining related data. Taking the total REs reserves of China in 2009
as an example, this ultimate reserve value is estimated by Su Bo, the
Vice Minister of China's Ministry of Industry, who announced that
the UR of China's REs were 18,590,000 t on June 20th, 2012, while
the US. Geological Survey estimated it on Mineral Commodity
Summiaries (USGS, 2009) to be 27 million tons. We may anticipate
that in models where total reserve is a variable, the difference of
these two figures will lead to results of major difference.

To provide more reliable and detailed base for rare earth decision
of both short and longer term, quantitative forecasting by different
ore types is imperious when suitable techniques are chosen.

Methodology and data

Rare earths produced in China come principally from the mixed
rare earth mines, ion-absorbed rare earth mines and the bastnasite
mines. China's rare earth production in the future will remain
dependent on the three sources (Wang, 2010). So the productions
of these three ores are to be forecasted in this paper. As discussed
above, theoretical exploration and econometric model require
large number of relationships and correlations relying on sufficient
historical data, curve-fitting techniques need the least data.
Among the curve-fitting models, the Generalized Weng model is
best suited for rare earth production forecasting since only in this
model Ny is not needed in calculation. There have been no
statistical data showing the reserves of China's three major REs—
mixed rare earth, ion-absorbed rare earth and bastnasite.

Adaptation of Generalized Weng model

WENG Wenbo, academician of the Chinese Academy of Sciences,
stated in his treatise A Primer in Prediction Theory (1984) that all

things would experience a natural course of “rise—-grow-decline”. He
believed that the annual output of gas and petroleum can be seen
figuratively as a small life cycle within a finite system. On one hand,
the output increases in power function along with further explora-
tion and the time variable ¢, but on the other hand it attenuates in
negative exponent along with reduction in the amount of remaining
resources and the time variable t. From such presumption he put
forward the Poisson circle model, often known as the Weng model.
Weng first advanced the Weng model to forecast oil and gas
production (Weng, 1984) and subsequently Chen developed a
theoretical derivation of the Weng model by establishing the
Generalized Weng model as follows (Chen and Hu, 1996):

Q; =atbe~ O

Feng et al. (2010) improved the single cycle of Generalized
Weng model by establishing the multicyclic Generalized Weng
model and then forecast global natural gas production by using
this new improved model. Zhao et al. (2009) proposed a new
solution based on a linear iterative trial and error method for
solving the Generalized Weng model.

Wang forecast the production of China's natural gas by using the
Hubbert model and Generalized Weng model and indicate that the
Generalized Weng model is more acceptable than Hubbert model.
Compared with the Hubbert model, the shape of Generalized Weng
curve is not necessarily symmetrical while it also produces a flatter
peak, indicating a longer peak plateau which fit better with the
reality of China's oil and gas field exploitation (Zhu et al., 2008;
Wang et al., 2011) as Laherrere (2000) mentioned that the actual
historical oil and gas production curve is generally asymmetrical.

Feng et al. (2007) used the Hubbert model, HCZ model and
Generalized Weng model to predict the peak production of China's
oil, assuming the absence of a unified reasonable plan for oil
production, and the result forecasting by Generalized Weng model
is more accurate. The result indicated that China's oil production
peak time will occur in 2017 with a peak production of 185 million
tons in that year; while the oil consumption peak will occur in the
years after 2034, and the number will be up to 633 million tons.

Tang et al. (2009) researched the peak production of oil in
North America, Central and South America, Europe, Middle East,
Africa and Asia Pacific areas based on the Generalized Weng
model. They point out that the future oil pattern would become
increasingly dependent on the Middle East, while Asia-Pacific
region would become the most serious imbalance between oil
supply and demand.

Feng et al. (2006) summarized the differences between domes-
tic and foreign methods for predicting the peak production of oil.
They concluded that foreign scholars develop the methods from a
single-cycle model to a multi-cycle model, focusing on the vertical
development of models, while in China the methods developed
mostly are from the Weng model to a series of predictive models,
focusing on horizontal development of models.

From literature review, it may be found that Generalized Weng
model has been actively applied in the field of exhaustible energy
resource forecast and reasonable results have been achieved. It
should be a proper choice to borrow the Generalized Weng model
to do the forecasting in this paper.

Parameters estimation of a, b, ¢

In order to obtain the value of equation parameters a, b and c,
the parameter b should be given first, and then parameters a and ¢
can be obtained through regression. The regression data sets are
chosen from different periods through 1988 to 2010 by calculating
In(Q/t?) based on the real production data of mixed rare earth,
bastnasite and ionic rare earth. The preferable linear relation data
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set is to be selected as regression data set. The specific process is as
follows:

As stated in Table 1, the Generalized Weng model is expressed
as follows:

Q; =atbe= /0 M

where Q, is resource production at time t and a, b and c are simply
statistical parameters. To get Q;, the values of a, b, ¢ have to be
assigned first.

To solve the forecasting parameters, Chen (1996) proposed the
following linear goal seeking methods by changing Eq. (1) as follows:

Q/th =ae~t/c )
By taking logarithms on both sides of Eq. (2), this gives

ln(Q/tb> =In a+ﬁt 3)
When

A=Ina 4)

B=1/(2.303¢) (5)
Eq. (3) can be written as

ln(Q/t”> —A-Bt (6)

According to the data series of actual production of each year Q
and corresponding time t, we can assign different values to b and
use formula (6) to do the regression to obtain A and B. And then
substitute the values A and B into Eqgs. (4) and (5) to get the values
of a and c.

Substitute the different values a, b and ¢ which are obtained
from the above methods into Eq. (1), multiple sets of productions
can be calculated. The b value which gives the best goodness of fit

Table 2
Generalized Weng model.

Peak model  Basic equations Peak production Peak
time
Weng's Q=atbe-t/c; Quax = a(bc/2.718)"  tmax = bc
model

Ng =ac®+'rb+1)
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between real cumulative production and predicted cumulative
production is the desired b value.

During the actual operation in this paper, in order to solve Eq.
(6), the value of parameter b should be given first, and then the
value of A and B can be obtained through Microsoft Excel goal
seeking methods. Then the value of a and ¢ can be obtained
through Eqgs. (4) and (5). Finally, we can forecast Q by substituting
a, b and c into Eq. (1) as shown in Table 2.

Data description

Data source

According to data availability and satisfaction, the data in this
paper start from 1988 and end in 2010. The annual production data
of mixed rare earths, bastnasite mine and ionic rare earths are taken
from The National Development and Reform Commission, Industry
Coordination Department of PRC (The National Development and
Reform Commission, 1998-2011).

Data test

As stated above, the preferable linear relation data set of real rare
earth production is to be selected as regression data set. The data set
of mixed rare earth is chosen from 1994 to 2010 with their
stationary test (unit root test of Phillips—Perron test) statistic=
—5.6383828 < —4.440739 (1% level) and significance test Prob <
0.05, F=77.18 > 4.494 (the critical value). The data set of bastnasite
data set is chosen from 2000 to 2010 with their stationary test (unit
root test of Phillips-Perron test) statistic= —4.435312 < —3.632896
(5% level) and significance test Prob < 0.05, F=61.86 > 4.965 (the
critical value). The data set of ionic rare earth is chosen from 1994 to
2010 with their stationary test (unit root test of Phillips—Perron test)
statistic= — 6.428356 < —4.440739 (1% level) and significance test
Prob < 0.05, F=14.55 > 4.494 (the critical value). The historical data
of mixed rare earth, bastnasite mine and ionic rare earths all passed
stationary test and significance test. The data can be used to
calculate parameters a and c in regression.

Data processing

The production curve of bastnasite mine experiences a significant
fluctuation in 2006 and 2007. In 2006, the bastnasite mine in Sichuan
Province of China was found of illegal and excessive exploitation, so
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Fig. 1. Historical trend of China's bastnasite mine production.
Data source: The National Development and Reform Commission (1998-2011).
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that the production soared from 25,709 t in 2005 to 37,000 t in 2006.
As a sanction, the central government imposed a production limita-
tion on this mining area and the production in 2007 dived to 6800 t.
In order to diminish the impact of the dramatic production fluctua-
tion in 2006 and 2007, their figures for those two years were set as
missing value, and the linear interpolation method was employed to
replace the original figures. The new figures for 2006 and 2007 are
21,301 t and 22,454 t, respectively (Fig. 1).

Results and discussion

A systematic elaboration on the Generalized Weng model has
been presented above. In this section, the Generalized Weng
model is employed to predict the production trends and peaks
of China's mixed rare earth, bastnasite and ion-absorbed rare earth
respectively (Table 3 and Figs. 2-4).

Mixed rare earths

We chose the period of 1994 through 2010 from the data of
China's mixed rare earths production which shows the best linear
relations. By the linear goal seeking methods, the forecasting
parameters were obtained: a=1234.38, b=1.7, c=16.13, and R*>=
0.9997 for regression segment. When a, b and ¢ were substituted
into Eq. (1), the future productions of mixed rare earths could be
predicted. The forecasts show that China's production of mixed
rare earths will peak in 2014 at 62,757 t, followed by a steady
decline rate of 2% in the ensuing years (Fig. 2).

Bastnasite rare earths

We chose the period of 2000 through 2010 from the data of
China's bastnasite rare earths production which shows the best
linear relations. By the linear goal seeking methods, the forecast-
ing parameters were obtained: a=3.15, b=3.8, c=8.13 and R’=
0.9994 for regression segment. When a, b and ¢ were substituted
into Eq. (1), the future productions of bastnasite could be pre-
dicted. The forecasts show that China's production of bastnasite
will peak in 2018 at 32,312 t, preceded by an annual increase of
1.67% and followed by a steady annual decline rate of 4% in the
ensuing years (Fig. 3).

Ion-absorbed rare earths

We chose the period of 1994 through 2010 from the data of
China's ion-absorbed rare earths production which shows the best
linear relations. By the linear goal seeking methods, the forecast-
ing parameters were obtained: a=67.88, b=2.5, c=14.72 and
R>=0.9962 for regression segment. When a, b and c were
substituted into Eq. (1), the future productions of ion-absorbed
rare earths could be predicted. The forecasts show that China's
production of ion-absorbed rare earths will peak in 2024 at
45,793 t, preceded by an annual increase of 1.72% and followed
by a steady annual decline of 4% in the ensuing years (Fig. 4).

Discussion

First, from the comparison in Figs. 2-4, the predicted results of
the three ores have a high degree of agreement with the actual
productions from 1988 to 2010. The difference between the
predicted and actual production for mixed rare earths, bastnasite
and ion-absorbed rare earths averages to 1.4%, 11% and 2%,
respectively. The forecasts are relatively reliable. The difference
of total production between the predicted and the actual of the

Table 3
Generalized Weng model.

Year Mixed RE Bastnasite Ion-absorbed RE Total

1988 1160.16 2.79 63.42 1226.37
1989 3542.75 34.35 335.20 3912.31
1990 6633.86 141.80 863.05 7638.72
1991 10,167.93 37412 1655.34 12,197.39
1992 13,965.29 772.37 2701.87 17,439.53
1993 17,894.87 1365.43 3982.16 23,242.46
1994 21,857.90 2168.82 5470.00 29,496.72
1995 25,778.95 3185.29 7136.24 36,100.48
1996 29,600.22 4406.41 8950.61 42,957.23
1997 33,277.68 5814.60 10,882.98 49,975.26
1998 36,778.25 7385.30 12,904.21 57,067.76
1999 40,077.63 9089.10 14,986.66 64,153.39
2000 43,158.67 10,893.64 17,104.56 71,156.87
2001 46,010.02 12,765.30 19,234.26 78,009.58
2002 48,625.08 14,670.59 21,354.30 84,649.97
2003 51,001.10 16,577.27 23,445.48 91,023.85
2004 53,138.48 18,455.22 25,490.79 97,084.49
2005 55,040.16 20,277.06 27,475.41 102,792.63
2006 56,711.09 22,018.59 29,386.56 108,116.23
2007 58,157.84 23,658.98 31,213.44 113,030.25
2008 59,388.24 25,180.92 32,947.06 117,516.22
2009 60,411.09 26,570.56 34,580.16 121,561.80
2010 61,235.86 27,817.40 36,107.03 125,160.29
2011 61,872.55 28,914.10 37,523.39 128,310.05
2012 62,331.47 29,856.25 38,826.29 131,014.01
2013 62,623.08 30,642.08 40,013.92 133,279.08
2014 62,757.92 31,272.17 41,085.54 135,115.64
2015 62,746.46 31,749.18 42,041.34 136,536.98
2016 62,599.03 32,077.51 42,882.32 137,558.86
2017 62,325.76 32,263.04 43,610.22 138,199.02
2018 61,936.51 32,312.84 44,227.38 138,476.74
2019 61,440.85 32,234.94 44,736.69 138,412.48
2020 60,848.01 32,038.06 45,141.46 138,027.53
2021 60,166.85 31,731.41 45,445.39 137,343.65
2022 59,405.85 31,324.51 45,652.50 136,382.86
2023 58,573.10 30,827.02 45,767.01 135,167.12
2024 57,676.28 30,248.57 45,793.36 133,718.21
2025 56,722.70 29,598.67 45,736.09 132,057.45
2026 55,719.22 28,886.59 45,599.85 130,205.65
2027 54,672.33 28,121.27 45,389.32 128,182.93
2028 53,588.13 27,311.27 45,109.21 126,008.61
2029 52,472.31 26,464.69 44,764.18 123,701.19
2030 51,330.23 25,589.15 44,358.87 121,278.25
2031 50,166.85 24,691.77 43,897.81 118,756.42
2032 48,986.79 23,779.12 43,385.47 116,151.38
2033 47,794.33 22,857.27 42,826.19 113,477.79
2034 46,593.45 21,931.72 42,224.19 110,749.36
2035 45,387.79 21,007.47 41,583.56 107,978.82
2036 44,180.71 20,089.00 40,908.23 105,177.94
2037 42,975.29 19,180.31 40,201.97 102,357.56
2038 41,774.33 18,284.89 39,468.41 99,527.63
2039 40,580.40 17,405.83 38,711.00 96,697.22
2040 39,395.81 16,545.75 37,933.03 93,874.59
2041 38,222.65 15,706.91 37137.63 91,067.19
2042 37,062.82 14,891.18 36,327.73 88,281.73
2043 35,917.98 14,100.08 35,506.14 85,524.20
2044 34,789.64 13,334.84 34,675.48 82,799.95
2045 33,679.12 12,596.38 33,838.19 80,113.69
2046 32,587.57 11,885.39 32,996.59 77,469.55
2047 31,516.00 11,202.29 32,152.81 74,871.10
2048 30,465.27 10,547.31 31,308.86 72,321.45
2049 29,436.12 9920.49 30,466.59 69,823.20
2050 28,429.17 9321.69 29,627.69 67,378.55

three types of rare earths may also be obtained which are averaged
to mere 1.1% with its peak in 2018 at 138,476 t (Fig. 5).

Second, the predicted results are quite close to the estimates of
previous research. As stated in the review part, some research has
been done and the productions of rare earths in the near future
have been forecast by Kingsnorth (2010b), Chen (2011), Wiibbeke
(2013), Hurst (2010), He and Lei (2013) etc. The similar results
proved the reliability of the prediction in this paper in some way
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Fig. 2. China's mixed rare earths production forecasting.
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Fig. 3. China's bastnasite production forecasting.

since most of the previous results are based on practical experi-
ence or national or companies' plans though only for short term.

Conclusions and recommendations
Conclusions

Based on the prediction and analysis of results in the Discus-
sion, some conclusions are drawn.

(1) By 2020, China's supply of mixed rare earths and bastnasite
will begin to decline steadily and China's dominant position
will end. To be specific, the production of mixed rare earths in
China will peak in 2014 at 62,757 t, followed by an annual
decline rate of 2%; that of bastnasite will peak in 2018 at
32,312 t, followed by an annual decline rate of 4%.

(2) By 2024, China's supply of ion-absorbed rare earths will see a
trend of continued growth at an annual rate of 1.72%, after
which it will decrease on a yearly basis of 4%.

(3) By 2050, China's production of mixed rare earths, bastnasite
and ion-absorbed rare earths will account for 45%, 28% and

64% of its peak value respectively, which indicates that ion-
absorbed rare earths production will experience the smallest
scale of decrease by 2050.

Policy recommendations

With the continuous development of rare earth terminal
industries in and out of China, rare earths have been a target of
world competition. Rare earths are distributed unequally in the
world with 50% of the reserves located in China and about 30% in
Russian and the United States. As for heavy rare earths (mainly
refers to ion-absorbing type rare earths ore and xenotime), it is
even incredibly endowed mostly in Longnan of China, Lehat of
Malaysia and Strange Lake of Canada (Chen, 2011). Countries with
or without rare earths should value the unrenewable resources
and make suitable policies to ensure the supply for demand.

China
Chinese government should enforce environmental and
resource exhaustible taxes soon and different domestic regulations
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Fig. 5. Three types of rare earths production forecasting.

for different rare earths according to the different production
potential of different ores.

The monopolistic position of China in production and export of
rare earths relies mostly on their low price in which the costs of
environmental protection and resource remuneration have not been
properly included. In fact, the rare earths for export are ridiculously
cheaper than their own value, which results to that increases in
export volume do not bring the same increases in export value
(Ye and Wu, 2014). Low price coupled with overexploitation gives
rise to a series of problems. He et al. (2014) mentioned that
overproduction will accelerate the exhaustion of RE resources, and
may well create a black market in RE products. So the system of
environmental and resource taxes should be established and put
into action soon.

As shown in the results, the three main rare earths in China will
reach their peaks within only 10 years. However, more of other
countries are endowed with light rare earths (including mixed rare
earths, bastnasite) which implies that other countries will not
depend on China's supply so keenly in the next few years as

predicted by many previous research. It is a wise strategy for
Chinese government to pay more attention to the research of
substitute technologies of light rare earths and build longer
industry chains to get more profit from rare earth resources. For
heavy rare earths (mainly refers to ion-absorbed rare earth), China
should first integrate the mining rights and mining companies to
get the highest efficiency of exploitation and the best effect of
environmental protection.

Other countries

Countries with RE resources need to start or restart their RE
mines to gradually reduce dependence on China, such as the U.S,,
Russia, Australia, India, etc.(Table 4).

Given the pattern of supply of REs in the world (China
accounting for 97% of the world's supply of REs), a world-wide
RE supply and demand gap will appear after the peak. Thus,
countries with rare earths should consider starting or restarting
their RE mines and relieving the world's RE supply pressure.
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Table 4
Rare earths supply situation oversea.
Sources: Ye and Wu (2014).

Major supply mines Total reserves (in 10,000 t)

Starting year of supply

Planned annual production (t) Elements available

Mountain Pass, U.S. 180 From 2012 40,000 La, Ce, Pr, Nd, Sm

Bear Lodge, U.S. 40 2015 10,000 La, Ce, Pr, Nd, Sm

Bokan Mountain, U.S. 30 2014-2016 NA La, Ce, Nd, Sm, Gd, Y, Dy
Tomtor, Russia 15,000 After 2023 (an estimate) NA Y, Nd oxides, Sc and Tb

Mt. Weld, Australia 120 2012 11,000 Mainly light rare earths
Nolans, Australia 85 2012 20,000 Rare-earth oxides

Dubbo, Australia 65 2013 2580 Light rare earths and yttrium
Total 15,520 - 93,580 -

Notes: The rare earth elements can be grouped as light rare earth elements—La, Ce, Pr, Nd, and middle and heavy rare earth elements—Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Y.

Sc is of dispersed elements, and Pm does not exist in nature (Xu, 1995).

Countries without rare earth resources need to get prepared to face
with the risk of price rising especially for ion-absorbed rare earths. It is
welcome for these countries to find ways to recycle resources and
consider alternative technologies in addition to keeping close political
and economic ties with China and other countries with REs.

Acknowledgments

We would like to thank the reviewers of this journal for helpful
comments and suggestions. Thanks also goes to Ms Wenhui Chen for
her help in data testing. This research is supported by the National
Natural Science Foundation of China under Grant no. 71241027 and
71203203 and the support from the Development and Research
Center of China Geological Survey under Grant no. 12120113093200.

References

Arps, J.J., 1945. Analysis of decline curves. Trans. Am. Inst. Min. Eng. 160, 228-247.

Bartlett, A.A., 2000. An analysis of US and world oil production patterns using
Hubbert-style curves. Math. Geol. 32 (1), 1-17.

Brandt, A.R., 2010. Review of mathematical models of future oil supply: historical
overview and synthesizing critique. Energy 35 (9), 3958-3974.

Brandt, A.R., 2007. Testing Hubbert. Energy Policy 35 (5), 3074-3088.

Castor, S.B., Hedrick, ].B., 2006. Rare Earth Elements. Industrial Minerals Volume, 7th
ed. Society for Mining, Metallurgy, and Exploration, Littleton, CO, pp. 769-792.

Chen, Y.Q., Hu, J.G., 1996. Weng's model for review and the new derived. Chinas
Offshore Oil Gas 10 (05), 317-324 (in Chinese).

Chen, Z., 2011. Global rare earth resources and scenarios of future rare earth
industry. J. Rare Earths 29 (1), 1-6.

Currie, A., 2012. Overview of Molycorp Californian Rare Earth Deposit. Retrived
January 25, 2013, from (http://rareearthinvestingnews.com/6796-overview-moyl
corp-californian-rare-earth-deposit-mountain-pass-project-phoenix.htm).

Feng, L, Li, J., Pang, X., 2008. China’s oil reserve forecast and analysis based on peak
oil models. Energy Policy 36 (11), 4149-4153.

Feng, L., Tang, X., Zhao, L., 2007. Reasonable planning oil production in China based
on peak oil model. Pet. Explor. Dev. 34 (4), 497-501 (in Chinese).

Feng, L., Zhao, L., Zhao, Q,, et al., 2006. Models of peak oil theory and forecast of
world oil peak. Acta Pet. Sin. 27 (5), 139-142 (in Chinese).

Feng, L., Wang, J., Zhao, L., 2010. Construction and application of a multicyclic model
in the prediction of natural gas production. Nat. Gas Ind. 30 (7), 1-3 (in
Chinese).

Gschneidner Jr., KA., 2011. The Rare Earth Crisis—The Supply/Demand Situation
for 2010-2015, 6 (2), Materials Matters, 32-37. Retrieved July 19, 2014, from
http://www.sigmaaldrich.com/.

He, C, Lei, Y., Ge, J., 2014. Assessment of trading partners for China's rare earth
exports using a decision analytic approach. PLoS One 9 (7), e102870.

He, C, Lei, Y., 2013. Potential impact of US re-emerging rare earths industry on
future global supply and demand trend. Int. Bus. Res. 6 (7), 44.

Hook, M., Aleklett, K., 2009. Historical trends in American coal production and a
possible future outlook. Int. J. Coal Geol. 78 (3), 201-216.

Ho6o6k, M., Zittel, W., Schindler, J., Aleklett, K., 2010. Global coal production outlooks
based on a logistic model. Fuel 89 (11), 3546-3558.

Hu, ], Chen,, Y., Zhang, Z., 1995. A new model for Forecast oil and gas production
and recoverable reserves. J. Oil 16 (1), 79-86 (in Chinese).

Hubbert, M. K., 1956. Nuclear energy and the fossil fuels, in Meeting of the Southern
District, Division of Production, American Petroleum Institute, San Antonio, TX:
Shell Development Company.

Hurst, C., 2010. China's Rare Earth Elements Industry: What Can the West Learn?
Institute for the Analysis of Global Security, Washington DC.

Kingsnorth, DJ., 2010a. An Overview of the Rare Earths Market. IMCOA, Kingaroy
Qld.

Kingsnorth, DJ., 2010b. Rare earths: facing new challenges in the new decade. In:
Proceedings of the SME Annual Meeting.

Krautkraemer, J.A., 1998. Nonrenewable resource scarcity. J. Econ. Lit. 36 (4),
2065-2107.

Laherrere, ].H., 2000. Learn strengths, weaknesses to understand Hubbert curve. Oil
Gas J. 98 (16), 63-76.

Lin, B., Liy, J., 2010. Estimating coal production peak and trends of coal imports in
China. Energy Policy 38 (1), 512-519.

Lv, M.Y,, Shi, H.F, Zheng, N., Zhou, G.Y., 2012. Coalbed methane production
forecast method based on generalized Weng's model. China Coal Bed Methane
6, 010 (in Chinese).

Massari, S., Ruberti, M., 2013. Rare earth elements as critical raw materials: focus on
international markets and future strategies. Resour. Policy 38, 36-43.

McLellan, B.C., Corder, G.D., Ali, S.H., 2013. Sustainability of rare earths—an over-
view of the state of knowledge. Minerals 3 (3), 304-317.

Ministry of Commerce People's Republic of China. Principal of Department of Treaty
and Law of MOFCOM, 2014. Gives a Speech on WTO's Panel Report on the Case of
the U.S., EU and Japan's Action Against China's Export Management Measures of
Relevant Rare Earth, Tungsten and Molybdenum Products. Retrived May 25,
2014, from (http://english.mofcom.gov.cn/article/newsrelease/policyreleasing/
201404/20140400538135.shtml), (accessed 31.03.14/02.05.14.).

Moore, C.L., 1966. Analysis and Projections of the Historic Patterns of U.S. Domestic
Supply of Crude Oil, Natural Gas, and Natural Gas Liquids. United States
Department of the Interior, Office of Oil and Gas, Washington, DC (82 pp.).

Moore, C.L, 1962. Method for Evaluating U.S. Crude Oil Resources and Projecting
Domestic Crude Oil Availability. United States Department of the Interior,
Washington, D.C. (112 pp.).

Morrison, W.M., Tang, R., 2012. (Congressional Research Service Report). China's
Rare Earth Industry and Export Regime: Economic and Trade Implications for
the United States.

Qiang, S., Bing, D., Limei, M., 1995. Application of generalized Weng's model and
Rayleigh model in recoverable reserves. J. Oil 16 (1), 79-86.

Tang, X., Feng, L., Zhao, L., 2009. Prediction and analysis of world oil supply pattern
based on generalized Weng's model. Resour. Sci. 31 (2), 238-242.

The National Development and Reform Commission, Industry Coordination Depart-
ment.,1998-2011. China's rare earths. Rare earths information (in Chinese).
USGS (U.S. Geological Survey)., 2009. Mineral commodity summaries, rare earths.
Walls, M.A,, 1992. Modeling and forecasting the supply of oil and gas: a survey of

existing approaches. Resour. Energy 14 (3), 287-309.

Wang, B.G., 2010. Scarcity: Warren Buffett, “economic moat” another interpreta-
tion. Dyn. Anal. Stock Mark. 21, 005 (in Chinese).

Wang, J.L, Feng, L., Zhao, L., Snowden, S., Wang, X., 2011. A comparison of two
typical multicyclic models used to forecast the world's conventional oil
production. Energy Policy 39 (12), 7616-7621.

Weng, W.B., 1984. The Foundation of the Forecasting Theory. Petroleum Industry
Press, Beijing, China (in Chinese).

Wiibbeke, J., 2013. Rare earth elements in China: policies and narratives of
reinventing an industry. Resour. Policy 38 (3), 384-394.

Xu, G.X., 1995. Rare Earths, 2nd ed. China Metallurgical Industry Press, Beijing (in
Chinese).

Ye, R, Wu, Y., 2014. China's Rare Earth Strategy Development and Export Regulation
Policy Research. Science Press, Beijing, China (in Chinese).

Zhao, L., Feng, L., Lu, X,, et al., 2009. Comparison of two methods for generalized
Weng model. Xinjiang Pet. Geol. 30 (5), 658-660 (in Chinese).

Zheng, M.G., Chen, Y.H., 2012. Supply and demand of global rare earth resources
and China's rare earth industry policy. Nonferr. Met. Sci. Eng. 4, 70-74.

Zhy, ]., Che, CB,, Liu, CLL, et al,, 2008. Contrastive analysis of reserves increasing prediction
models (Natural Science Edition). J. Xi'an Pet. Univ. 23 (5), 21-23 (in Chinese).

Zittel, W. and Schindler, J.., 2007. Crude oil: the supply outlook. Energy Watch
Group.


http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref1
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref2
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref2
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref3
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref3
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref4
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref5
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref5
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref6
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref6
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref8
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref8
http://rareearthinvestingnews.com/6796-overview-moylcorp-californian-rare-earth-deposit-mountain-pass-project-phoenix.htm
http://rareearthinvestingnews.com/6796-overview-moylcorp-californian-rare-earth-deposit-mountain-pass-project-phoenix.htm
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref9
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref9
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref10
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref10
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref11
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref11
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref12
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref12
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref12
http://www.sigmaaldrich.com/
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref14
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref14
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref15
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref15
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref16
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref16
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref17
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref17
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref18
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref18
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref20
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref20
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref21
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref21
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref22
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref22
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref23
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref23
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref24
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref24
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref25
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref25
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref25
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref1415263
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref1415263
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref241526
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref241526
http://english.mofcom.gov.cn/article/newsrelease/policyreleasing/201404/20140400538135.shtml
http://english.mofcom.gov.cn/article/newsrelease/policyreleasing/201404/20140400538135.shtml
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref28
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref28
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref28
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref29
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref29
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref29
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref30
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref30
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref30
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref31
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref31
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref32
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref32
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref33
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref33
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref34
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref34
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref36
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref36
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref36
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref37
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref37
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref38
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref38
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref39
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref39
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref40
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref40
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref41
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref41
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref42
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref42
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref43
http://refhub.elsevier.com/S0301-4207(14)00081-6/sbref43

	Production forecast of China's rare earths based on the Generalized Weng model and policy recommendations
	Introduction
	Literature review
	Prediction of exhaustible resources
	Prediction of REEs
	Research orientations

	Methodology and data
	Adaptation of Generalized Weng model
	Parameters estimation of a, b, c
	Data description
	Data source
	Data test
	Data processing


	Results and discussion
	Mixed rare earths
	Bastnasite rare earths
	Ion-absorbed rare earths
	Discussion

	Conclusions and recommendations
	Conclusions
	Policy recommendations
	China
	Other countries


	Acknowledgments
	References




