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Abstract. Bayan Obo mine in China is the largest iron-niobium-rare-earth symbiotic and associated mine
in the world. Its exploitation has brought great economic benefit over the years. At the same time, many
environmental problems arise. One of the most serious problems is tailings. Based on the theory and
method of life cycle assessment, the environmental problems caused by integrated exploitation
technology for tailings in Bayan Obo mine have been studied. Environmental impact assessment method
TRACI 2.1 developed by Environmental Protection Agency of the United States has been chosen in this
study. Through the study of resource consumption, energy consumption, pollution input by raw materials,
pollution from industrial emissions etc. of each process, 10 types of environmental impacts have been
studied and their values have been calculated. Results show that the main environmental impact types are
Human toxicity non-cancer, Human toxicity cancer, Ecotoxicity, Global warming air, Human health
particulate air, respectively. And the pollution input by raw materials is much greater than that from
industrial emission, which provides a typical case and support for green purchasing, green manufacturing,
process improving etc.

Keywords: life cycle impact assessment; life cycle inventory; environmental load; rare-earth; green
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Introduction

Bayan Obo mine, the largest iron-niobium-rare-earth symbiotic and associated
deposit in the world, is located 149 km north of Baotou city, Inner Mongolia
Autonomous region, China (Fig. 1). Beside rare-earth resources, the mine also contains
other elements of interest, including iron, niobium, scandium, fluorite, sulphur and
potassium etc. These resources also have an extremely high integrated exploitation
value (Smith et al., 2015). Bayan Obo tailings ponds accumulated a large amount of
iron tailings and rare-earth tailings due to the large scale mining for half a century. The
integrated exploitation technology is a comprehensive method including beneficiation
method and metallurgical method, which can extract the remaining useful elements
from the tailings of Bayan Obo mine.

Six million tons oxidized ores are mined by Bayan Obo mine each year and 3.8618
million tons tailings are produced (Li et al., 2015a). These tailings bring a series of
environmental problems including land occupation, radiation, dust pollution and
groundwater pollution etc. The remaining elements in tailings such as iron, rare-earth,
sulphur, fluorine, niobium, scandium etc. still have an extremely high recoverable
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value. Recycling these elements not only can generate considerable economic benefits,
but also can greatly reduce environmental hazards. Currently, environmental problems
caused by tailings generally are used some methods called “End-of-pipe Treatment”.
These methods cure the symptoms, not the disease-temporary medical relief. However,
using the Life Cycle Assessment Method to analyze environmental problems produced
in the process of integrated exploitation of tailings, can calculate their environmental

pollution values in advance from the beginning of technology designing and achieve the
goal of green production from the origin.
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Figure 1. Location map of Bayan Obo mine. a Location of Inner Mongolia Autonomous Region.
b Location of Baotou City. ¢ Location of Bayan Obo mine. d Satellite image map of Bayan Obo
mine (Base map from Google Earth)

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17(2):4343-4359.
http://www.aloki.hu e ISSN 1589 1623 (Print) ¢ ISSN 1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1702_43434359
© 2019, ALOKI Kft., Budapest, Hungary



Wang et al.: Life cycle assessment of integrated exploitation technology for tailings in Bayan Obo mine, China
- 4345 -

There are a lot of assessment methods at present (Ni et al., 2018; Zhai et al., 2018;
Zhao et al., 2018; Zhou et al., 2018; Li et al., 2017; Yang et al., 2017; Jin et al., 2015; Li
et al., 2015b; Song et al., 2015; Yan et al., 2014). Most of the methods are based on the
current situation, and only the Life Cycle Assessment (LCA) starts from the source.
LCA method assesses the entire life cycle of a product, technique, or activity in relation
to its environmental impact, including the initial collection of the raw material, the
production, transportation, sale, use, recycling, maintenance, and disposal of the
product. The life cycle assessment method is an advanced method used to determine the
comprehensive environmental impact of a process. It has been widely applied as an
advanced method in modern environmental management (Mazzi et al., 2017).

At present, life cycle assessment of rare-earth is mainly on rare-earth oxide,
neodymium-iron-boron (NdFeB) permanent magnet material and related products
containing rare-earth elements at home and abroad (Vahidi and Zhao, 2017, 2018; Zapp
et al., 2018; Lima et al., 2018; Weng and Mudd, 2017; Schulze et al., 2017; Vahidi et
al., 2016; Weng et al., 2016; Jin et al., 2016; Zaimes et al., 2015; Li et al., 2015c;
Koltun and Tharumarajah, 2014; Navarro and Zhao, 2014; Sprecher et al., 2014).
However life cycle assessment for tailings integrated exploitation of Bayan Obo mine is
rare. This study can gquantitatively analyze the environmental influence of useful
elements in tailings in the process of integrated exploitation, which is benefit for
improving mineral processing technology and achieve green purchasing (Liobikiené et
al., 2017) and green manufacturing (Ahn et al, 2013). Meanwhile, it provides the basis
for improvement and optimization of integrated exploitation technology of Bayan Obo
mine.

Study methods
Assessment method

At present, the LCA methods mainly include CML (Centrum voor Milieukunde
Leiden), EDIP (Environmental Design of Industrial Products), EI (Eco-Indicator), EPS
(Environmental Priority Strategy), ES (Eco-Scarcity), ReCiPe, BEES (Building for
Environment and Economic Sustainability), NOGEPA (Netherlands Oil and Gas
Exploration and Production Association), TRACI (Tool for the Reduction and
Assessment of Chemical and other Environmental) and so on. In CML method, weight
of environmental impact factor mainly is the global average value, which will bring
some error if it is used in a specific area. EDIP method is similar to CML method,
which will has some error if a specific country is studied. Meanwhile, due to the early
development, this method lacks timely update. EI and EPS methods have few
environmental impact types, which cannot cover overall environmental impact. Using
ES method requires some adjustments according to the change of country or area.
ReCiPe method is not perfect in some calculation methods. BEES and NOGEPA are
two methods that are developed on TRACI. The improved parts of these methods are
limited in use and not widely applicable.

Based on the reasons mentioned above, this study selected TRACI 2.1 assessment
method developed by Environmental Protection Agency of the United States (USEPA)
in 2002 to assess the environmental influence of tailings integrated exploitation
technology for Bayan Obo mine in China. This assessment method was developed for
sustainable indexes, LCA, industrial ecology and impact assessment of process design,
which was a kind of impact assessment methods for treating chemical emissions,
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resource utilization and environmental load source etc. Environmental impact factors
considered by TRACI 2.1 were 10 types: AD (Acidification), EP (Eutrophication),
GWA (Global Warming Air), ODA (Ozone Depletion Air), HHPA (Human Health
Particulate Air), HTC (Human toxicity cancer), HTNC (Human toxicity non-cancer),
ET (Ecotoxicity), SA (Smog Air) and RFF (Resources, Fossil fuels). The
characterization unit, normalization references and weight factors of TRACI 2.1 are
seen in Table 1.

Table 1. Classification, normalization references and weight factors of TRACI 2.1

Environmental - . Normalization Weight

impact type Characterization unit reference/(kg-person™-a?) factor
ET CTUe 1.1E+04 6.7
HTC CTUh 4.8E-05 7.8
HTNC CTUh 1.0E-03 7.8
RFF MJ surplus energy 1.9E+04 6.2
HHPA kg PM2.5-Equiv 3.0E+01 6.6
ODA kg CFC 11-Equiv 1.5E-01 5.2
SA kg Os-Equiv 1.5E+03 6.9
GWA kg CO2-Equiv 2.4E+04 8.9
AD kg SO2-Equiv 9.5E+01 5.8
EP kg N-Equiv 2.0E+01 6.6

Data from USEPA (Norris, 2002) https://nepis.epa.gov/Adobe/PDF/P100HN53.pdf

Data quality

The data related to integrated exploitation technology of Bayan Obo tailings were
mainly acquired from patents (Zhang et al., 2015), statistical yearbooks (Baotou steel
group, 2016; Baotou steel group, 2014), published books and literatures (Yang, 2017;
Lu and Liu, 2016; Hu, 2014; Ji, 2013; Zhang et al., 2010; Xuan et al., 2009; Cheng et
al., 2007; Che and Yu, 2006; Mei et al., 2006; Zhang et al., 2002; Xie et al., 2000; Tian
and Lu, 1999), and real production data of enterprises. The data acquisition time is from
2014-2018 (The application of integrated exploitation technology to Bayan Obo tailings
starts from 2014). The data also had been logged by Baotou Iron & Steel (Group) Co.
Ltd.

The data can be divided into four types: energy, material, emission and front-end
data. The first two data had been acquired from beneficiation plant of Bayan Obo mine,
whose GPS coordinates is 41°47'30"N and 109°51'51"E. The data of pollutant emission
were acquired from environmental impact assessment report of integrated exploitation
project for Bayan Obo tailings in 2016 and the People’s Republic of China National
Standard “Emission Standards of Pollutants from Rare Earths Industry” (Liu et al.,
2015; Hu et al., 2013; Chen et al., 2012; Xiao et al., 2003).

Front-end data used in the study were from GaBi database. GaBi covers more than
12000 life cycle inventory data, which is the largest life cycle inventory data set,
covered more than 40 industries in the world so far (the database has been updated to
2018). Data of electricity, steam and water were from the China mean value; input of
other materials were from global mean value, European Union (EU) mean value, or
Germany mean value. Because of the similar energy structure between China and
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Germany whose energy supplies mostly have been dominated by coal (Bonatz et al.,
2019), the environmental impact of material production in Germany can substitute that
of China. If GaBi database lacks China mean value, global mean value and EU mean
value, Germany data were chosen, which can approximately substitute China data (Mo
and Zhang, 2003).

For materials not in the database, we created some new data models or used some
similar materials in database to substitute the original materials (Cao, 2017).

Goal and scope

Based on the integrated exploitation technology of tailings in Bayan Obo mine as the
research goal, according to the collected data and materials, this study conducts a study
on LCA of this technology. The purpose was to analyze environmental load,
environmental impact types in each production stage and identify the key processes
causing pollution and environmental impact types, which can provide basic data for life
cycle assessment of integrated exploitation technology of tailings in Bayan Obo mine.
Meanwhile, it can promote green purchasing, green manufacturing and sustainable
development of rare-earth industry and tailings integrated exploitation industry.

In this study of LCA, system functional unit has been chosen as3.8618 million tons
of rare-earth tailings, which is an average quantity of tailings annual output. System
boundary was from rare-earth tailings to scandium concentrate (500 ppm) (Fig. 2),
which included processes of rare-earth flotation, iron flotation, sulfur flotation, fluorite
flotation, niobium flotation and scandium magnetic separation etc. namely
comprehensively recycling rare-earth concentrate, iron concentrate, sulfur concentrate,
fluorite concentrate, niobium concentrate and scandium concentrate from rare-earth
tailings.

Bayan Obo oxide ore
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Figure 2. LCA system boundary of tailings integrated exploitation technology in Bayan Obo
mine
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Life cycle inventory (LCI)

Integrated exploitation technology of tailings in Bayan Obo mine is a kind of process
which can comprehensively recycle rare-earth concentrate, iron concentrate, sulfur
concentrate, fluorite concentrate, niobium concentrate and scandium concentrate from
Bayan Obo mine. In this technology, wastewater had achieved zero discharge. Types of
energy included electricity, water and steam. Raw materials consumption mainly
included collecting agents, inhibitors, regulators etc. in each beneficiation process.
Pollutant discharge mainly included thorium, uranium, sulfur dioxide, carbon dioxide
etc. The LCI data is shown in Figure 3.

Life cycle impact assessment (LCIA)

LCIA was the key procedure of LCA. This stage needs to quantitatively assess
potential environmental impacts. At present, the methods used internationally are
mainly qualitative analysis and quantitative calculation, which generally include three
stages: characterization, normalization and weighting.

Characterization

Characterization was quantitatively analysis contributions of each environmental
factor on specific environmental impact types, and then converted them into unified
unit. Characterization results are shown in Table 2.

Table 2. Characterization results of LCI data

Types Iron separation Rare—egrth Bul!< Fluor_ite First sglfur First i_ron
flotation flotation flotation flotation flotation
AD/kg 3.48E+05 5.98E+05 9.70E+05 | 1.07E+06 | 2.05E+04 | 1.55E+06
ET/CTUe 3.41E+08 4.06E+08 1.56E+08 | 1.19E+08 | 1.41E+07 | 3.39E+08
EP/kg 1.34E+05 1.44E+05 7.45E+04 | 1.17E+05 | 1.17E+04 | 1.30E+05
GWA/kg 9.24E+07 1.46E+08 2.40E+08 | 2.53E+08 7.92E+06 3.32E+08
HHPA/kg 1.42E+05 1.91E+05 3.18E+05 | 3.54E+05 | 1.83E+04 | 4.60E+05
HTC/CTUh 1.32E+00 1.53E+00 6.17E-01 | 4.81E-01 6.98E-02 | 1.34E+00
HTNC/CTUh 1.90E+01 2.91E+01 3.37E+01 | 3.56E+01 8.17E-01 5.03E+01
ODA/Kkg 2.85E+00 3.48E+00 9.87E-01 | 6.82E-01 6.04E-02 | 1.23E+00
RFF/MJ 7.53E+07 8.40E+07 5.98E+07 | 6.18E+07 5.51E+06 6.34E+07
SA/kg 4.10E+06 7.07E+06 1.21E+07 | 1.33E+07 2.74E+05 1.77E+07
Types Gravity_ Second s_ulfur Second_iron Niobiym Srﬁzggtlal:i? Total value
concentration flotation flotation flotation .
separation
AD/kg 1.16E+04 3.12E+03 7.68E+05 | 2.25E+05 5.78E+03 5.58E+06
ET/CTUe 8.59E+05 3.43E+06 1.32E+08 | 8.24E+07 | 2.97E+05 | 1.59E+09
EP/kg 4,16E+03 2.50E+03 5.44E+04 | 3.43E+04 9.58E+02 7.07E+05
GWA/kg 6.29E+06 1.11E+06 1.72E+08 | 4.58E+07 | 2.10E+06 | 1.30E+09
HHPA/kg 2.43E+04 1.68E+03 2.34E+05 | 6.38E+04 1.14E+04 1.82E+06
HTC/CTUh 1.91E-02 1.55E-02 5.24E-01 | 3.29E-01 4.32E-03 | 6.25E+00
HTNC/CTUh 4.09E-01 1.42E-01 2.49E+01 | 7.19E+00 | 1.89E-01 | 2.01E+02
ODA/kg 1.84E-05 1.47E-02 453E-01 | 3.27E-01 3.87E-06 | 1.01E+01
RFF/MJ 6.32E+06 5.88E+05 3.20E+07 | 1.43E+07 | 1.43E+06 | 4.04E+08
SA/kg 1.82E+05 3.84E+04 9.07E+06 | 2.44E+06 8.16E+04 6.64E+07
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Figure 3. LCI data of integrated exploitation technology for tailings in Bayan Obo mine

Normalization

Normalization is a calculating process that using the acquired characterization values
divided corresponding normalization reference values, respectively. In the end, this
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calculation can get some data without unit. After normalization process, these
environmental impact types are comparable due to the removal of previous units.
Normalization reference value of each environmental impact type is closely related to
the severity of itself. Relative levels of various environmental impact types can be
compared preliminarily after this procedure.

Normalization reference values of this study are provided by TRACI 2.1 in GaBi 8.0
software. The calculation results are shown in Table 3.

Table 3. Normalization results of LCI data

Types Iron separation Rare-e_arth Bul!< Fluor.ite First sqlfur First iron
flotation flotation flotation flotation flotation

AD 3.67E+03 6.32E+03 | 1.03E+04 | 1.13E+04 | 2.17E+02 | 1.64E+04
ET 3.11E+04 3.70E+04 | 1.42E+04 | 1.08E+04 | 1.29E+03 | 3.09E+04
EP 6.48E+03 6.96E+03 | 3.61E+03 | 5.70E+03 | 5.64E+02 | 6.28E+03
GWA 3.84E+03 6.06E+03 1.00E+04 | 1.05E+04 | 3.29E+02 1.38E+04
HHPA 4.78E+03 6.43E+03 1.07E+04 | 1.19E+04 | 6.16E+02 1.55E+04
HTC 2.66E+04 3.08E+04 1.25E+04 | 9.80E+03 1.41E+03 | 2.71E+04
HTNC 1.84E+04 2.81E+04 3.27E+04 | 3.46E+04 | 7.93E+02 | 4.88E+04
ODA 1.95E+01 2.39E+01 | 6.77E+00 | 4.68E+00 | 4.15E-01 | 8.42E+00
RFF 3.62E+03 4.03E+03 | 2.99E+03 | 3.12E+03 | 2.76E+02 | 3.20E+03
SA 2.83E+03 4.88E+03 | 8.36E+03 | 9.19E+03 | 1.89E+02 | 1.23E+04

. Second . _—_ Scandium
TS | concentration | U | PGotton | iotation | Tegnetic | Totalvalue
flotation separation
AD 1.22E+02 3.29E+01 8.12E+03 | 2.39E+03 | 6.11E+01 | 5.89E+04
ET 7.81E+01 3.12E+02 1.20E+04 | 7.51E+03 | 2.70E+01 1.45E+05
EP 2.04E+02 1.21E+02 2.64E+03 | 1.66E+03 | 4.69E+01 | 3.43E+04
GWA 2.62E+02 4.62E+01 | 7.17E+03 | 1.90E+03 | 8.74E+01 | 5.40E+04
HHPA 8.20E+02 5.66E+01 | 7.91E+03 | 2.16E+03 | 3.86E+02 | 6.13E+04
HTC 3.97E+02 3.11E+02 | 1.06E+04 | 6.64E+03 | 9.01E+01 | 1.26E+05
HTNC 3.97E+02 1.38E+02 | 2.42E+04 | 6.97E+03 | 1.84E+02 | 1.95E+05
ODA 1.26E-04 1.01E-01 | 3.11E+00 | 2.24E+00 | 2.65E-05 | 6.92E+01
RFF 3.26E+02 2.85E+01 1.62E+03 | 7.16E+02 7.36E+01 2.00E+04
SA 1.26E+02 2.65E+01 6.25E+03 | 1.68E+03 | 5.63E+01 | 4.59E+04
Weighting

Through characterization and normalization, summary value of specific assessment
subject on each environmental impact type can be gotten. Each environmental impact
type is assigned specific weighting factor, on the basis, normalization values were
weighted. Then the comprehensive impact values get. Through this procedure, the total
environmental impact of study object can be assessed. Meanwhile, the proportions of
different environmental impact types in the overall environmental impact can be
obtained. Through this result, the impact degree of different environmental impact types
to the total environment can be analyzed and quantitative data can be calculated.

TRACI 2.1 environmental impact weight-values were used to get quantitative results
of the total environmental impact. Calculation results are shown in Table 4.
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Table 4. Weighting results of each environmental impact type

Types Iron separation Rare-e_arth Bul!< Fluor.ite First sqlfur First iron
flotation flotation flotation flotation flotation
AD 2.14E+04 3.67E+04 | 5.95E+04 | 6.56E+04 | 1.25E+03 | 8.26E+04
ET 2.08E+05 2.48E+05 | 9.54E+04 | 7.26E+04 | 8.63E+03 | 6.46E+04
EP 4.28E+04 459E+04 | 2.38E+04 | 3.75E+04 | 3.72E+03 | 1.82E+04
GWA 3.42E+04 5.39E+04 | 8.89E+04 | 9.36E+04 | 2.93E+03 | 1.19E+05
HHPA 3.15E+04 4.24E+04 | 7.09E+04 | 7.88E+04 | 4.06E+03 | 9.47E+04
HTC 2.08E+05 2.41E+05 | 9.76E+04 | 7.65E+04 | 1.10E+04 | 6.41E+04
HTNC 1.43E+05 2.19E+05 | 2.55E+05 | 2.70E+05 | 6.18E+03 | 3.25E+05
ODA 1.02E+02 1.24E+02 | 3.52E+01 | 2.43E+01 | 2.16E+00 | 1.08E+01
RFF 2.25E+04 2.50E+04 | 1.85E+04 | 1.93E+04 | 1.71E+03 | 1.72E+04
SA 1.95E+04 3.37E+04 | 5.77E+04 | 6.33E+04 | 1.31E+03 | 7.91E+04
Types Gravity_ Ss?ﬁ?gg Second_iron NiObi'.”'m iﬁggglel':irp Total value
concentration - flotation flotation .
flotation separation
AD 7.10E+02 1.91E+02 | 4.28E+04 | 1.09E+04 | 3.54E+02 | 3.22E+05
ET 5.23E+02 2.09E+03 | 3.12E+04 | 1.67E+04 | 1.81E+02 | 7.48E+05
EP 1.35E+03 7.97E+02 | 9.36E+03 | 5.44E+03 | 3.10E+02 | 1.89E+05
GWA 2.33E+03 412E+02 | 6.23E+04 | 1.59E+04 | 7.78E+02 | 4.74E+05
HHPA 5.41E+03 3.73E+02 | 4.95E+04 | 1.24E+04 | 2.54E+03 | 3.93E+05
HTC 3.10E+03 2.43E+03 | 3.17E+04 | 1.70E+04 | 7.03E+02 | 7.52E+05
HTNC 3.10E+03 1.08E+03 | 1.69E+05 | 4.13E+04 | 1.43E+03 | 1.43E+06
ODA 6.54E-04 5.23E-01 | 4.76E+00 | 3.87E+00 | 1.38E-04 | 3.08E+02
RFF 2.02E+03 1.76E+02 | 9.16E+03 | 3.82E+03 | 4.57E+02 | 1.20E+05
SA 8.66E+02 1.83E+02 | 4.12E+04 | 1.03E+04 | 3.89E+02 | 3.08E+05

Results and interpretation

According to the weighting results, environmental impact type values of integrated
exploitation technology for tailings in Bayan Obo mine have been calculated (Fig. 4).

4D | 6.79%

ET 1577%
EP | 399%
CHATA 10.00%
HHFP4 828%
HTC 1527%
HTHNC 30.27%
oD& | 001%
RFF 2.53%
Sh 6.49%

0.00% 500% 10.00% 15.00% 20.00% 2500% 3000% 35.00%

Figure 4. Proportion of each environmental impact type in the total environmental impact
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From Figure 4, the potential environmental impacts of integrated exploitation
technology for tailings in Bayan Obo mine was HTNC, HTC, ET, GWA, HHPA, AD,
SA, EP, RFF and ODA sorted by numerical value. Among these types, HTNC was the
main environmental impact type, accounting for 30.27% of the total environmental
impact. HTC was the next, accounting for 15.87% of the total environmental impact.
ET, GWA and HHPA accounted for 15.77%, 10.00% and 8.28%, respectively.

The most serious impact process in HTNC was iron flotation, whose contribution
rate was 22.64% (Fig. 5). The contribution rate of fluorite flotation, bulk flotation and
rare-earth flotation were 18.82%, 17.80% and 15.29%, respectively. Steam was the
main factor influencing HTNC in the stage of iron flotation, accounting for 96.33%
(Fig. 6), which was mainly caused by organic matters discharge such as trichlopropane,
trichloro ethylene etc.

Iron separation 10.00%
Rare-earthflotation 1529%

Bulk flotation

17 30%

Fluotite flotation ‘ 18 82%

Firat sulfur flotation

First iron flotation 22.64%
Gravity concentration
Second sulfur flotation
Secondiron flotation 11.76%
Hiobim flotation
Seandivm magnetic separation
0.00% 5.00% 10.00%: 15.00% 20.00% 2500%
Figure 5. Proportion of HTNC in each process
12000% -
100.00% - P8 33%
20.00% -
a0.00% -
40.00% -
2000% 4
0.29% 0 06% 0.80% 252%
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Electricity Steam Water Collectitnng agent Flotation agent

Figure 6. Proportion of environmental impact of each input in iron flotation in HTNC
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From the LCA results of integrated exploitation technology for tailings in Bayan Obo
mine, the second environmental impact type is HTC, in which, the most serious impact
process was rare-earth flotation (Fig. 7), accounting for 31.97% of the total
environmental impact of HTC. The next was iron separation process, accounting for
27.62%. Water glass was the main factor influencing HTC in the stage of rare-earth
flotation, accounting for 83.16% (Fig. 8). The next was collecting agent, accounting for
11.87%. The main reason was discharge of arsenite, cadmium and benzene etc. in the
manufacturing process of water glass and collecting agent.

[ron separation | 27 62%
Rate-garth flotation | 31.97%
Bulk flotation | 1207%
Fluotits flotation | 1016%
First sulfur flotation

Firat iton flotation B51%
Gravity concentration
Second sulfur flotation

Jeconditon flotation

Hiobium flotation

Seandivm magnetic separation | 0.09%

0.00% 5.00% 1000% 1500%  2000%  2300%  3000%  35.00%

Figure 7. Proportion of HTC in each process
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Figure 8. Proportion of environmental impact of each input in rare-earth flotation in HTC

The first environmental impact type, namely HTNC was mainly generated from iron
flotation and the next was fluorite flotation. The second environmental impact type,
namely HTC was mainly generated from rare-earth flotation and iron separation. The
most serious impact in ET was rare-earth flotation and the next is iron separation. GWA
was mainly generated from iron flotation and fluorite flotation. ODA was the least
serious environmental impact among the total environmental impact types, which
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mainly generated from rare-earth flotation and iron separation (Fig. 9). From the above,
the pollution caused by iron flotation was much higher than other processes.

The integrated exploitation technology for tailings in Bayan Obo mine covers 11
processes including iron separation, rare-earth flotation, bulk flotation, fluorite flotation,
first sulfur flotation, first iron flotation, gravity concentration, second sulfur flotation,
second iron flotation, niobium flotation, and scandium separation magnetic. The
proportion of each environmental impact type in these processes is different (Fig. 10).

mlron separation.
4D l mFare-earth flotation
ET |
mEulk flotation
EF |
wFluorite flotation
WA |
WFirst sulfur flotation
HHFA 1
HT | WFirat iron flotation
HTHC | Grravity concettration
oDA | Second sulfur
flotation
RFF 1 Second iton flotation
A I i . . : ! Hiohium flotation
0% 20% 40% a0% 20% 100% ) .
WEcandium magnetic
separation

Figure 9. Proportion of environmental impact of each process in each environmental impact

type
[ron separation mAD
Rate-garthflotation mET
Bulk flotation mED
Fluorite flotation
VWA
Firat sulfur flotation
Firat iton flotation NHHPA
Gravity concentration mHTC
Second sulfur flotation HTHC
Secondiron flotation
DA
Miohium flotation
. . . RFF
Scandium magnetic separation
0% 0% 40% 60% 20% 100% A

Figure 10. Proportion of each environmental impact type in each process

From the figure, in the processes of rare-earth flotation and iron separation, ET was
the most important environmental impact type. HTC took second place. In the processes
of bulk flotation and niobium flotation, HTNC was the major environmental impact
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type. HTC was the secondary. In the processes of first sulfur flotation and second sulfur
flotation, HTC and ET were the major environmental impact types. In the processes of
fluorite flotation, first iron flotation and second iron flotation, the most important
environmental impact type was HTNC, and the next was GWA. However, in the
process of gravity concentration, the main environmental impact type was HHPA,
accounting for 27.88%. The next was HTC, accounting for 15.97%. In addition, in the
process of scandium magnetic separation, HHPA and HTNC were the major
environmental impact types, accounting for 35.59% and 20.06%, respectively.

In LCA of integrated exploitation technology for tailings in Bayan Obo mine,
proportion of each environmental impact type in the total environmental impact is
different (Fig. 11). The environmental impact order of these processes was rare-earth
flotation, iron flotation, fluorite flotation, bulk flotation and iron separation etc.
Environmental impact of rare-earth flotation was the most serious, accounting for
19.94% in the total environmental impact. Iron flotation was the next, accounting for
18.23% in the total environmental impact. Scandium magnetic separation had the
minimal impact on environment, accounting for 0.15%. In the process of rare-earth
flotation, the major environmental impact type was ET.

) mAD
Iron separation I 15.43%
Fare-earth flotation | 19.94% BET
Bulk flotation | 16.19% EP
Flucrite fletation | [ 16.40%
. . WA
First sulfur flotation W 0.86%
First iron flotation —— 18.23% " HHPA
Gravity concentration _I 0.41% BHTC
Becond sulfur flotation 0.16%
} HTHNC
Second iron flotation ||| 2.41%
Michium flctation M 2.82% ODA
Scandium magnetic separation | 0.15% RFF
0000 5000 10.00%% 15.00% 20.00% 25.00% qa

Figure 11. Proportion of each environmental impact in the total environmental impact

Conclusions and suggestions
Conclusions

(1) In LCA environmental impact types of integrated exploitation technology for
tailings in Bayan Obo mine, HTNC is the main impact type and HTC is the next. All of
these indicate that the major environmental problem in the processes of this technology
is human health damage. The most serious process in HTNC is iron flotation. Steam is
the major impact factor in HTNC, accounting for 96.33%. The most serious process in
HTC is rare-earth flotation. Water glass is the major impact factor in HTC, accounting
for 83.16%. From the above, it shows that environmental impact brought by raw
material actually is much higher than that caused by pollution discharge in these actual
processes.
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(2) In the total environmental impacts, flotation makes the heaviest pollution.
Environmental pollution of some flotation processes is due to the production of flotation
agents, such as rare-earth flotation. Environmental pollution of the other flotation
processes is due to the pollution brought by energy production which meets the need of
processes, such as iron flotation. Environmental impacts of rare-earth flotation and iron
flotation account for 40%, which is the largest proportion of the total environmental
impacts.

Suggestions

(1) Based on this study, future studies about LCA of integrated exploitation
technology for tailings in Bayan Obo mine may do some research into the different
minerals such as rare-earth, iron, niobium, scandium et al. Meanwhile, the researchers
should pay more attention to collecting or measuring the emission of wastewater and
waste-gas in order to conduct a more accurate and objective assessment. Based on this
study, the ecological design of products can be carried out, which could solve the
problem of “end-of-pipe treatment” for comprehensively utilizing tailings.

(2) Because of the environmental impact brought by raw material is actually much
higher than that caused by pollution discharge in the processes of tailings integrated
exploitation of Bayan Obo mine, the rare-earth industry needs investigation and
management in the selection and purchase of raw material. Therefore, green purchasing
for flotation agent, inhibitor and collecting agent etc. is needed.

(3) If the producing technology and purchasing channel of raw material cannot be
changed, the enterprises can conduct some contrast tests to find environmental friendly
material for replacing previous material in technology. For the heaviest pollution of
rare-earth flotation and iron flotation, technology itself should be deeply studies. The
rare-earth industry not only keeps seeking green environmental substitute, but also
needs to improve technology itself, reduce intermediate links as much as possible and
improve the utilization rate of equipments.
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