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Abstract: The recycling of scrap is one of the common approaches aiming at reduction of
mining-based production of critical metals and mitigation of their supply risk as well as
processing-related environmental impact. The number of currently available end-of-life vehicles
(ELVs) indicates—significant potential for critical metals recycling, especially niobium (Nb). Therefore,
the quantification of environmental impact of niobium recovery starts to be an important issue in
assessment of sustainability of large-scale recycling processes. In this paper, we assess energy
consumption and greenhouse gas (GHG) emissions in individual stages of niobium supply chain in
the automotive industry over the period 2010-2050. The different stages including mining, production
and recycling are analyzed using dynamic simulation. The results show the majority of the consumed
energy (45% of energy demand in niobium supply chain) is used in the primary production stage.
This stage also contributes to 72% of total gas emissions of supply chain over the period 2010-2050.
Mining of niobium consumes up to 36% of energy and generates ca. 21% of GHG emissions. While,
in recycling stage, the secondary production of niobium requires 19% of supply chain energy and
generates 7% of gas emissions. The detailed calculations show that recycling of niobium could
save around 133-161 m GJ energy between 2010 and 2050. The recycling would also contribute to
the reduction of 44-53 mt CO;-eq in the same period. It shows around 18% reduction of annual
emissions between 2010 and 2050 thanks to reuse of niobium in secondary production rather than
primary production.

Keywords: critical materials; niobium; recycling; energy consumption; greenhouse gas emissions;
dynamic model

1. Introduction

Niobium (Nb) is an essential element for production of steel and superalloys, superconductors,
electronic components, medical implants, etc. The estimated resources of niobium are substantial and
they are sufficient to meet the worldwide demand in the foreseeable future [1]. However, the oligopoly
nature of the niobium market and the lack of substitutes create its supply risk [2-5]. It is worth to
mention that the niobium demand has increased dramatically over the past decade, particularly as an
element of microalloys in high strength and stainless steels used in the automotive industry [6].

The global market of niobium grew annually by 10% between 2000 and 2010 [7]. In view of the
rapid increase in primary and secondary niobium production over the last 15 years [8], the production
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rate will peak in 2025 with recycling rate at around 60% [9]. Therefore, the most significant increase in
demand for niobium will take place in the coming years.

In the production of steel for the automotive industry, Nb is used in the form of ferroniobium.
Ferroniobium represents the most significant fraction of the world’s demand of niobium—around
87% [1]. The growing use of ferroniobium in the automotive industry is driven by a trend to reduce
the weight of the vehicles [10-12].

The end-of-life vehicles (ELVs) have become a major waste stream [13]. Therefore, maximisation
of recyclability is one of the dominant trends in car manufacturing. It can contribute considerably to
the reduction of the wastes but also constitutes a significant source of raw materials. For example, in
2010, the total number of ELVs was around 40 million; mainly in Germany, Italy, France, UK, Spain,
USA, Canada, Brazil, Japan, China, Korea and Australia [14]. On average concentration of Nb in
steel alloy is low and generally lower than 0.1 wt% [1]. However, a considerable number of ELVs
makes this source of niobium quite important. In 2010, based on the available global number of ELVs,
the amount of niobium in high-strength steel (HSS) alloy used in passenger cars (average weight 1.5
tonnes) could be estimated at around 36,000 tonnes compared to 49,100 tonnes of niobium mined
globally [15]. The annual global production of niobium alloyed steel was estimated at about 50 million
tonnes [16]. According to the estimates provided by the automotive industry for 2020, the steel content
in a typical car will increase from 54% to 64% [17].

The decision makers need to be aware of possible environmental effects at each stage of the
supply chain when analysing the use of virgin ores or recycled materials [18]. In the automotive
industry, recycling strategies for critical materials in ELVs are poorly understood due to the complexity
of the material flows [19] as well as environmental and economic implications of critical materials
recycling [20].

In recent decades, supply chain research has attempted to address the issues of environmental
impact and social sustainability [21-23]. Moreover, new avenues of research have been opened to aim
at developing holistic perspectives of sustainability of supply chain. From this perspective, researchers
have started investigating the available options for reaching both higher economic growth and lower
GHG emissions [24,25]. In this case, the effect of energy consumption on sustainability and its impact
on GHG emissions are very important issues relevant in all stages of the supply chain [26,27]. However,
the question remains as to what levels of energy consumption and GHG emissions at each stage of the
niobium supply chain would ensure environmental sustainability. Therefore, the main objective of this
paper is to present a dynamic model of the niobium supply chain to investigate energy consumption
and GHG emissions at each stage including mining, production and recycling.

2. Dynamic Model of Niobium Supply Chain

The assessment of specific modifications of supply chain needs a systems approach. It consists of
the detailed analysis of dynamics of all stages of the supply chain [12]. Therefore, the methodology
of system dynamics introduced by Forrester [28] is used in this study. The system dynamics
methodology has been used in many applications, both in social sciences and engineering. In the case
of critical materials, system dynamics models have been used in different sectors for such materials
as indium [29], platinum group metals [30], rare earth elements [31], uranium [32], lithium [33],
phosphorus [34] and niobium [35].

The model presented in this paper considers the complex interrelationships between mining
and processing, production and recycling stages of niobium global supply chain. In production
stage, we consider niobium manufacturing in the automotive industry. The structural model is
built and simulated by identifying the key variables and their interactions in the different stages
of niobium life cycle. The conceptual model is presented in Figure 1, where niobium flow starts
with the mining stage and next the interrelations with other stages are considered. Each stage of
the model consists of three main layers (submodels), including material and energy flow as well as
GHG emissions. The first submodel, material flow, is composed of the following modules: mining,
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extraction, processing, production, consumption, collection and recycling. The energy consumption
submodel takes into account energy consumed in mining, production and recycling. The GHG
emissions submodel is primarily related to the energy consumption and therefore the structure of
both submodels are identical. There was analyzed flow of niobium in the different processes, e.g.,
pyrochlore ore extraction, ferroniobium production, standard grade ferroniobium production, HSS
steel production for automobile industry, ELVs collection process and recycling of HSS steel. Therefore,
there were assessed energy consumption and GHG emissions of those processes. Below, we present
the analysis of the particular stages in detail.
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Figure 1. Conceptual model of niobium global supply chain (application in automotive market).
System Definition and Model Description

Figure 2 shows the simulation model. In system dynamics modeling, state variables change
continuously over time. System dynamics model is a complex system incorporating three types
of variables: (i) stock (or level) variable that is a reservoir of a given resource (also called state
variable), (ii) flow variable that adjusts the level of stock through inbound and outbound flows,
and (iii) intermediate variable (auxiliary) consisting of functions of stocks (and constants or exogenous
inputs) [36]. It is important to note that every variable in system dynamics model is calculated at each
time step. For example, in this work, we consider time step equal to one year as the used input data
are based on yearly reports. In this study, data are collected from different sources for time horizon
1950-2017 (Appendix, Table A1l). In Table 1, we present all variables and parameters.
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Table 1. Description of variables and parameters of the niobium simulation model.

Notation Term
Nbyyr (t) The world production of mineral concentrates (niobium content)
EM (t) Extracted material from primary production of niobium
SGFpR (t) Standard grade ferroniobium production rate
OPpr (t) The rate of niobium flow in other products
SGF (t) Standard grade ferroniobium stock
Nbp.x (1) The rate of niobium flow in the productiop stage (thrgugh primary production of high
strength alloy steels in automobile industry)
Tw.grv (t) Total weight of car collected as ELV
Ts gy (t) Total high strength alloy steels used in ELV
Nbgry (t) The amount of niobium available in ELV
Snb-ELY (£) The stock of available niobium from collected ELVs
Nbgs-r (t) Recyclable niobium from high strength alloy steels in ELVs
W andsinr () Niobium in the scrap recycling process from the automobile loss
Nbgr (t) The rate of niobium in the recycling stage
Sg (1) The stock of recycled materials

Nbwmp-Brazit (t)
Nbyp-canada ()
Nbyp-other (1)
Ynb

SGF Coef

World production of mineral concentrates (niobium content) by Brazil
World production of mineral concentrates (niobium content) by Canada
World production of mineral concentrates (niobium content) by other countries
Yearly world production of mineral concentrates (niobium content) by each country
Percentage of global niobium production used to produce ferroniobium applied in high
strength alloy steels
Percentage of global niobium production used in manufacture of niobium alloys, niobium
chemicals and carbides, high purity ferroniobium, and other niobium metal products
Energy usage through hydrofluoric acid dissolution process
Energy usage through solvent extraction process
The greenhouse gas emitted through hydrofluoric acid dissolution process
The greenhouse gas emitted through solvent extraction process
Nb grade in HSS ferroniobium applied in automobile
Steel in automobile
Weight of car
ELVs number in different countries/state including European Union, Germany, Italy, France,
England, Spain, Russian Federation, USA, Canada, Brazil, Japan, China, Korea, and Australia
Automobile average lifetime (average vehicle age)
The amount of energy required in cold rolling process
The amount of energy required in hot rolling process
The amount of energy required in continuous casting process
The amount of energy required in basic oxygen furnace process
The amount of energy required in blast furnace process
The amount of energy required in sintering/coking process
The greenhouse gas emitted in cold rolling process
The greenhouse gas emitted in hot rolling process
The greenhouse gas emitted in continuous casting process
The greenhouse gas emitted in basic oxygen furnace process
The greenhouse gas emitted in blast furnace process
The greenhouse gas emitted in sintering/coking process
Automobile recycling efficiency
Scrap recycling efficiency
The amount of energy required in cold rolling process for secondary production
The amount of energy required in hot rolling process for secondary production
The amount of energy required in continuous casting process for secondary production
The amount of energy required in electric arc furnace process for secondary production
The greenhouse gas emitted in cold rolling process for secondary production
The greenhouse gas emitted in hot rolling process for secondary production
The greenhouse gas emitted in continuous casting process for secondary production
The greenhouse gas emitted in electric arc furnace process for secondary production

The general mathematical formulation of stocks and flows according to Forrester [28] is as follows:

t
Stock(t) = / [Inflow(t) — Out flow(t)|dt 4+ Stock(to) 1)

to
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where t is the initial and ¢ is the final year considered; Stock(t) is a mass accumulated in the system at
the moment ¢ of the period 2010-2050 due to influx In flow(t) and loss Out flow(t).

nflow(t) = f(Stock(t), V(t), P);0utflow(t) = f(Stock(t),V(t),P) )

where, V(t) is an auxiliary variable in time . For example, in the niobium model, the rate of niobium
mining expressed as a flow, depends on the amount of extracted pyrochlore ore and world production
of niobium. P represents input parameters such as amount of niobium produced by each supplier
or capacity of producers (all input parameters are given in Appendix, Table Al). Table 2 presents all
equations corresponding to the different types of variables given in Figure 2.

Table 2. Equations and calculation processes for different type of variables of niobium simulation model.

Variable Equation Type (Tonnes)
Nbpir (t) NbMPy, iy (F) + NbMP, a0 (F) + NOptp_other (1) Flow
t
EM (t) f(NbM_R (t) — SGFP_R (t) — NbOPP_R (t))dt + EM (to) Stock
to
SGFpr (t) EM (1) x SGFCoef Flow
OPpR (t) EM (t) x OPCoef Flow
t
SGF (1) J (Nbp g (t) — SGFp g (t))dt + SGF (to) Stock
to
Nbp_g (t) min(PNb x Ts gLy (t), SGF) Flow
TW—ELV (t) WCar X ELVnumber(t) Auxiliary
Tsery () Tw gLy (t) X Ps Auxiliary
Nbrgry (t) Delay(Ts g1y (t) x Pnp, ALt, 0) ! Flow
t
Snb-gLy (1) J (NbEgry (t) — Nbgs R (t) — Wrandsi_r (t))dt + Snp_grv (fo) Stock
fo
Nbgsr (t) Snb_ELv (B) X ARR Flow
Weandsinr (t) Snb_ELv () X SRg Flow
Nbg-r (t) Nbgs r (t) + Wrandsin r (t) Auxiliary
t
Sr (t) J (Nbgs R (t) + Wrangsin_r (t))dt + Sr(to) Stock

to

! Delay (Input, Delay Time, Initial Value).

Next, we present the structure of the simulation models at the different stages and the variables
needed for the analysis of environmental sustainability of niobium supply chain.

Mining and Processing Stage

At present, the main source of the niobium is pyrochlore ore (containing both tantalum and
niobium). Niobium exists as Nb,Os in other ores, e.g., columbite, tantalite, microlite, tapiolite, ixiolite,
wodginite, loparite, lueshite, latrappite, and euxenite [1]. In our model, we consider mining of
pyrochlore due to its economic importance.

The initial flow of this model consists of the global production of mineral concentrates as
well as the reserves of niobium. In the model, we take into account only the existing mines and
their capacity reported by the United States Geological Survey (USGS) [5]. The supply sources of
niobium are not diversified and the market is dominated by one leading supplier, Brazil, which is
the source of more than 89% of world niobium production. Canada follows Brazil with around 10%
of world production [2,37-39]. Three world leaders of ferroniobium production are two Brazilian
companies, Companhia Brasileira de Metalurgia e Mineragao (CBMM) and Mineracao Catalao de
Goias, and Canadian enterprise IAMGOLD Corp (Niobec Mine). These companies collectively account
for the majority of world production of niobium. Two main processes considered in niobium mining
and processing stages are hydrofluoric acid dissolution and solvent extraction.
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Energy consumption in the mining stage is assessed as follows:

2
Epm g (f) = Nby g (1) X ) o 3)
n=1

where, Ey r(t) is energy consumption in the mining stage in the year ¢ = 2000, 2001, ..., 2050.
Nby r(t) is the amount of material in the mining flow in the year ¢ = 2000, 2001, ..., 2050. oy is
the energy (gigajoule) required per one tonne of niobium in the mining stage through each process
n =1, 2 which corresponds to the amount of energy required in hydrofluoric acid dissolution and
solvent extraction.

The GHG emissions from the mining stage are estimated based on energy consumption in
hydrofluoric acid dissolution and solvent extraction. They are assessed as follows:

2
GHGum g () = Emr () X ) Tn 4)
n=1

where, GHG R (t) represents greenhouse gas emissions (CO;-eq) for the mining stage in the year t =
2000, 2001, ..., 2050. Ep g (f) is the energy consumption in the mining stage in the year t = 2000, 2001,
..., 2050. v, is the greenhouse gas emitted from each process n = 1, 2 (hydrofluoric acid dissolution
and solvent extraction).

Production Stage

Niobium is used in several different forms, such as standard grade ferroniobium (SGF)—primarily
used in high-strength and stainless steels; vacuum grade ferroniobium (VGF)—used in superalloys
production; niobium metal and alloys—used in superconductors production and niobium
chemicals—used in special ceramics and chemical processes [1]. The majority of niobium is used
in the form of SGF for HSS steels production, which accounts for around 90% of total niobium
consumption [40]. Therefore, in the production stage, we assumed SGF production flow as the
main input. Considering the significance of HSS steels in the automotive industry explained in the
introduction, the presented model in this stage is focused on estimation of energy consumption and
GHG emissions of using niobium in the HSS steels applied in the automotive industry. Typical
passenger cars are considered in the model based on their weight and percentage of used HSS
steel [14,41].

The different methods are used in production of HSS steel. In 2005, in the global steel
industry, basic oxygen steelmaking furnaces (BOFs) accounted for approximately 65% of world
steel production—China has the highest share of BOFs steel production; electric arc furnaces (EAFs)
accounted for approximately 32%—the USA have the highest share of EAFs in steel production; open
hearth furnaces (OHFs) production accounted for the remaining 3%—Ukraine has the highest OHFs
steel production [42,43]. Therefore, in the present study, we assume BOFs as the main process of
primary production of HSS steels.

In the production stage, six processes including cold rolling, hot rolling, continuous casting, basic
oxygen furnace, blast furnace, and sintering/coking are considered. In the second submodel, energy
consumption in the production stage is estimated as follows:

6
Ep r (t) = Nbp r (f) X Z fion 5)
n=1

where, Ep g () is energy consumption in the production stage in the year t = 2000, 2001, ... , 2050.
Nbp r (t) is the amount of material in the production flow in the year t = 2000, 2001, ... , 2050. a;, is
the energy (gigajoule) required per one tonne of niobium in the production stage through each process
n=1,2,...,6 which corresponds to six main processes mentioned above.
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The GHG emissions from the production stage are estimated based on the energy consumption in
cold rolling, hot rolling, continuous casting, basic oxygen furnace, blast furnace, and sintering/coking.
In the third submodel, they are assessed as follows:

6
GHGp r (t) =Epr (t) X Z Bn 6)
n=1

where, GHGp R (t) represents greenhouse gas emissions (CO,-eq) for the production stage in the year
t=2000, 2001, ..., 2050. Ep g (t) is energy consumption in the production stage in the year t = 2000,
2001, ..., 2050. B, is the greenhouse gas emitted from each processn =1, 2, ..., 6 (cold rolling, hot
rolling, continuous casting, basic oxygen furnace, blast furnace, and sintering/coking).

Recycling Stage

Based on the amount of steel obtained from ELVs, the auto steel recycling rate was estimated to
grow from 85% in 2007 to 95% in 2050 [44]. The scrap in ELVs is classified into one of three classes of
remeltable; the same type of material (recycling), other material types (cascading) or loss to landfill [12].
After collection, the scrap is processed into a physical form and chemical composition enabling its
use in steel mills. The scrap is melted in BOF or EAF. In the recycling of high-strength low-alloy steel,
about 0.05% of niobium will be probably oxidised to the slag phase and lost during recycling to BOF
or EAF [1,45]. We assume that EAF is the main process in this stage of the model [44].

In the recycling stage, four processes including cold rolling, hot rolling, continuous casting,
and electric arc furnace are considered. Energy consumption in the recycling stage is estimated
as follows:

4
Er r (t) = NbR_R (t) X Z On (7)
n=1

where, Eg g (t) is energy consumption in the recycling stage in the year f = 2000, 2001, ..., 2050.
Nbg g (t) is the amount of material in recycling flow in the year t = 2000, 2001, . .. , 2050. p, is energy
(gigajoule) required per one tonne of niobium flow in the recycling stage through each process n =1,
2, ..., 4 which corresponds to the amount of energy required in cold rolling, hot rolling, continuous
casting, and electric arc furnace.

The GHG emissions from the recycling stage are estimated based on energy consumption in cold
rolling, hot rolling, continuous casting, and electric arc furnace. They are assessed as follows:

4
GHGg g () = Er g (t) X }_ Ay (8)
n=1

where, GHGR R (t) represents greenhouse gas emissions (CO,-eq) for the recycling stage in the year ¢
=2000, 2001, ..., 2050. Eg g (f) is energy consumption in the recycling stage in the year t = 2000, 2001,
...,2050. Ay is the greenhouse gas emitted from each processn =1, 2, ..., 4 (cold rolling, hot rolling,
continuous casting, and electric arc furnace).

3. Validation of the Model

Validation determines whether a simulation model is an accurate representation of the actual
system [46]. Validation consists in quantifying the accuracy of the model by comparison of numerical
outputs of the model with experimental data [47].

The method proposed by Barlas [48] was used for validation of the proposed model. According
to the model, the annual mean of niobium mined globally is 51,831 tonnes in years 2005-2015.
This estimation compared to the global average amount of niobium mined annually (i.e., 47,855
tonnes for 2005-2015, based on USGS data sources) shows that the error of the model is 3%.
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The amount of niobium needed for the primary production of HSS steels in the automotive
industry was adjusted based on the demand of passenger cars market. Average lifetime of a car
is assumed to be 16 years [49,50]. There were several reasons to adopt the long term perspective
(2000-2050) in the simulation. One of the most important causes is a need to contain the delay
mechanisms of the system. Moreover, one of the objectives of this study is to assess, in the longer
perspective, the effect of number of ELVs on environmental sustainability of niobium supply chain.
The base year of the analysis is 2010 due to the availability of data on ELVs numbers in the different
countries [14] as well as obtainable historical data in the referenced period [12].

4. Results and Discussion

It is evident that environmental requirements may directly change recycling processes.
The balance of energy consumption and GHG emissions from the supply chain helps to determine
the environmental sustainability of recycling and the level of investment in recycling. To assess the
environmental aspect of niobium recycling, the factors such as energy consumption, GHG emissions,
and material flows were quantified and evaluated for all stages of the supply chain. Next, we present
the simulation results along with a brief analysis of environmental assessment at different stages of
niobium life cycle.

The correlation between energy consumption and GHG emissions is clearly visible in all stages of
niobium supply chain. Figure 3a shows that in the mining stage, assuming energy used in hydrofluoric
acid dissolution and solvent extraction, the annual mean of energy consumption from the extraction of
niobium in years 2010-2050 is around 2.5 million gigajoules (m GJ). Considering six main processes
(cold rolling, hot rolling, continuous casting, basic oxygen furnace, blast furnace, sintering/coking) the
annual mean of energy used in years 2010-2050 in the production of HSS steels for the automotive
industry is around 3 m GJ. In the production stage, energy consumption oscillates due to the dynamics
of niobium flow caused by HSS steels demand. Considering energy required in cold rolling, hot rolling,
continuous casting, and electric arc furnace processes, in the recycling stage of HSS steels from ELVs,
the annual mean level decreases to around 0.3 m GJ of energy. Figure 3b shows that cumulative energy
used in years 2010-2050 increases from 17 to 115 m GJ in mining, from 20 to 144 m GJ in production
stage and from 0.7 to 11 m GJ, in recycling. It shows that the lowest average energy consumption takes

place in recycling stage of niobium supply chain and both production and mining are the most energy
consuming processes.
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Figure 3. Energy consumption levels in different stages of niobium supply chain (2010-2050). (a) Annual
energy consumption in different stages. (b) Cumulative energy consumption in different stages.
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Figure 4 shows total GHG emissions from each stage of niobium lifecycle, focusing on Nb use in
HSS steels for the automotive industry. Figure 4a shows that in the mining stage the annual mean of
GHG emissions from the extraction of niobium in years 2010-2050 is more than 0.4 million tonnes (mt)
CO;y-eq The annual mean of GHG emissions in the production stage of HSS steels for the automotive
industry is around 1 mt CO,-eq in the recycling stage of HSS steels containing niobium from ELVs,
the annual mean level decreases to less than 0.08 mt CO,-eq of emissions. It shows the lowest average
GHG emissions for all stages of niobium supply chain. Figure 4b illustrates the increase in cumulative
GHG emissions in years 2010-2050. The increase is from 3 to 17 mt CO,-eq in mining, from 7 to 47
mt CO;-eq in production stage and from 0.3 to 3 mt CO;-eq in recycling. As shown in Figure 4a,b,
the amount of GHG emitted in production stage is much higher than in the other ones.
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Figure 4. Greenhouse gas (GHG) emissions in different stages of niobium supply chain (2010-2050).
(a) Annual GHG emissions in different stages. (b) Cumulative GHG emissions in different stages.

In the production and recycling stages, the number of ELVs is a primary variable affecting the
energy demand and GHG emissions. The details are shown in Table 3. The analysis is limited to the
countries with more than 10 million units of automobiles and ELVs in 2010 [14]. The obtained results
of simulation show that the highest energy consumption and GHG emissions are accounted for USA,
followed by EU, China and Japan, Table 3.

Table 3. Contribution of each country to the increase of energy consumption and GHG emissions in
the each stage of the niobium life cycle in the automotive industry (2010-2050).

Production Stage Recycling Stage
Country Energy Consumption GHG Emission Energy Consumption GHG Emission
(m GJ) (mt COz-eq.) (m GJ) (mt COz-eq.)

European Union (EU-27) 24.2 79 1.9 0.6
Germany 15 0.5 0.1 0.0
Italy 5.0 1.6 0.4 0.1
France 4.9 1.6 0.4 0.1
England 3.6 1.2 0.3 0.1
Spain 2.6 0.8 0.2 0.1
USA 371 12.1 2.8 0.9
Canada 3.7 12 0.3 0.1
Brazil 3.1 1.0 0.2 0.1
Japan 9.2 3.0 0.7 0.2
China 10.8 3.5 0.8 0.3
Korea 2.1 0.7 0.2 0.1
Australia 15 0.5 0.1 0.0

Global 124.3 40.6 10.0 32
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As mentioned in the introduction, previous studies show the growing demand for niobium steel
production in the automotive industry. The increase in the share of steel produced from scrap is
estimated to be 50-80% until 2050 as shown in several studies [51,52]. In addition, some works also
identified the global growth of ELVs numbers and its impact on GHG emissions [12,53]. Due to the
previously mentioned significance of a lightweighting strategy by using HSS steel in the automotive
industry [11], the likelihood of the growth of niobium demand is quite high [54]. To address this issue,
we used a scenario-based approach to identify the impact of the increase of ELVs, and in consequence
global demand for niobium, on GHG emissions.

The statistical analysis for predicting the possible growth of numbers of automobiles and ELVs
has been presented in other studies [12,50]. They assessed the total car stock from 1950 to 2050 by
considering two main variables: Population and car ownership. The results show a possible increase of
the number of cars and ELVs by 50-60%. In our work, we assumed the highest value of ELVs growth
rate to be 50%. Three scenarios were considered for the growth rate of ELVs to show the changes in
cumulative energy consumption and GHG emissions from primary and secondary production of HSS
containing niobium in the automotive industry; scenario A, 10%; scenario B, 25%; and scenario C, 50%
compared to the baseline scenario (number of ELVs in 2010).

Based on the data available for the reference year (2010), we carried out the analysis assuming
the main sources of ELVs are the following countries: Australia, Korea, China, Japan, Brazil, Canada,
the USA, Spain, England, France, Italy, Germany and the European Union (EU-27). Figure 5 shows
that for the case of 50% increase in the number of ELVs, the estimated GHG emissions from primary
production of HSS steels containing niobium will increase by 20% in 2050. While this increase in
secondary production would be between 16% and 24% in 2050. Table 4 provides the details of the
reduction of energy consumption and GHG emissions for each country by using niobium in secondary
production of HSS steel in the automotive industry from 2010 to 2050. Globally, around 133-161 m GJ
energy could be saved by using Nb in secondary production of HSS steel in the automotive industry.
It also contributes to 44-53 mt CO;-eq, mainly in the USA, followed by the EU, China and Japan.

Figure 6a shows cumulative energy use in mining stage increases from 17 m GJ to 115 m G]J
between 2010 and 2050. In production stage, it increases from 20 m GJ to 144 m GJ and in recycling
stage, it increases from 0.6 m GJ to 11 m GJ in the same period. These results prove the importance
of recycling for saving energy over a long-term period. On average, energy demand in recycling is
around 19% of total energy consumption of niobium supply chain. While, production and mining
stage requires about 45% and 36%, respectively. The results in Figure 6b show that cumulative global
GHG emissions in the mining stage increase from 2.5 mt CO;-eq in 2010 to 17 mt CO,-eq in 2050.
It is, on average, four times more than GHG emissions in recycling in any scenario. Globally, GHG
emissions in the recycling of HSS steel containing niobium will increase from around 0.2-0.3 mt CO,-eq
in 2010 to around 3-5 mt CO;-eq in 2050 corresponding to 10-50% increase in ELVs number. It shows
around 18% reduction of annual emissions between 2010 and 2050 thanks to the reuse of niobium in
secondary production rather than primary one. Considering 50% increase in demand, the estimated
GHG emissions in the production stage will increase to the highest level of all stages. On average,
the production stage accounts for 72% of total emissions followed by mining with 21% and recycling
accounted for 7%.
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Figure 5. Cumulative energy consumption and greenhouse gas emissions from primary and secondary production of high-strength steel (HSS) containing niobium
in automotive markets in the different countries (2010-2050). (a) Energy consumption in production stage. (b) GHG emissions in production stage. (c) Energy
consumption in recycling stage. (d) GHG emissions in recycling stage.
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Table 4. Reduction of energy consumption and greenhouse gas emissions, applying Nb in secondary production of HSS steel in the automotive industry (2010-2050).

Scenario E‘ggil:) enan Germany Italy France England  Spain USA  Canada Brazil Japan China Korea Australia Global

Ener Current 27.7 1.8 5.8 5.7 4.2 3.0 424 4.3 3.6 10.6 12.5 2.5 1.8 133.3
Consumg};ion A 30.4 2.0 6.3 6.2 4.6 33 46.5 4.7 4.0 11.6 13.8 2.7 2.0 145.6
(m Gl;) B 34.7 22 7.2 7.1 52 3.8 52.6 5.4 4.5 13.2 15.6 3.1 2.3 155.6
C 41.5 27 8.7 8.5 6.2 45 62.6 6.5 5.4 15.8 18.8 3.7 27 161.4
GHG Current 9.1 0.6 1.9 1.9 1.4 1.0 13.9 1.4 1.2 3.5 4.1 0.8 0.6 43.6
Emissions A 9.9 0.6 2.1 2.0 1.5 1.1 15.2 1.6 1.3 3.8 4.5 0.9 0.6 47.6
B 11.3 0.7 24 2.3 1.7 1.2 17.2 1.8 1.5 4.3 5.1 1.0 0.7 50.9

(mt COz-eq.)

C 13.6 0.9 2.8 2.8 2.0 1.5 20.5 21 1.8 52 6.1 1.2 0.9 52.7
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Figure 6. Global energy consumption and greenhouse gas (GHG) emissions in different stages
of niobium supply chain (2010-2050). (a) Cumulative energy consumption in different scenarios.
(b) Cumulative GHG emissions in different scenarios.

This study presents a holistic view of the supply chain of niobium. The analysis carried out
in previous publications had not offered insight into energy consumption and GHG emissions in
the different stages of niobium supply chain. Moreover, the previous research has been focused on
material flow in mining, production or recycling without showing the dynamics of their mutual
relations. It means the previous research considered only one stage of supply chain focusing on supply
and demand of material or assessment of various technologies.

The environmental requirements will force countries to introduce new laws and drive the
automotive industry towards more sustainable use of resources. In this context, the presented study
should be very useful in delivering long-term estimates of environmental performance of niobium
supply chain. The results presented in this paper show how niobium recycling can lead to the reduction
of annual and cumulative emissions and save energy consumption in a long-term perspective.

5. Limitations of the Study

One of the limitations of this study is a lack of tantalum analysis, which is an important by-product
in the niobium value chain. This limitation results from restricting of the presented model to the use of
niobium in HSS steel for the automotive industry. Another limitation of this study is the lack of the
economic assessment of technologies for primary and secondary production of niobium.

6. Conclusions

This article presents an initial attempt to use dynamic simulation model of niobium supply chain.
The dynamic model allows for comprehensive description and analysis of the niobium supply chain
in a long-term perspective considering the environmental protection policies related to the reduction
of energy consumption and mitigation of emissions. The results show energy demand and GHG
emissions in different stages of niobium life cycle—mining, production and recycling.

The results indicate that mining requires 36% of total energy demand and is responsible for 21%
of total emissions in niobium supply chain over the period 2010-2050. The production stage consumes
around 45% of energy and contributes to 72% of total emissions. The energy used in the recycling
constitutes about 19% of total energy demand and generates only 7% of total emission in niobium
supply chain. This result highlights the potential benefit of recycling in saving energy and reducing
emissions. Globally, the recycling of niobium could save around 133-161 m GJ energy between 2010
and 2050. It also could lead to the reduction of emissions by 44-53 mt CO,-eq in the same period.
The analysis of the results in different countries shows that the highest impact would be observed
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in the USA, EU, China and Japan. It shows a possibility to reduce annual emissions by 18% in years
2010-2050 thanks to the reuse of niobium in secondary production rather than primary one.

It should be noted that due to the ever-changing dynamics of material flows, further research
should update the findings of this study in the near future by considering the newest technologies
emerging in every stage of the supply chain.
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This appendix contains a list of parameters, description, their units, initial values of the parameters, time and sources of data.

Table Al. Data sources for all inputs of the proposed model.

Variable/Parameter Description Unit Value Range Time Data Sources
. . US Geological Survey (USGS). Available at:
Nbyp-Brazil (t) World prgdgctlon of mineral concentrates Tonnes 21,800-101,022 2000-2015 https:/ /minerals.usgs.gov/minerals/pubs/
(niobium content) by Brazil . .
commodity/niobium/
. . US Geological Survey (USGS). Available at:
Nbyp-Canada (1) World pt.'od.uctlon of mineral concentrates Tonnes 2280-5774 2000-2015 https:/ /minerals.usgs.gov/minerals/pubs/
(niobium content) by Canada . L.
commodity/niobium/
. . US Geological Survey (USGS). Available at:
Nbyp-Other (1) Worl.d p.roductlon of mineral concentrates Tonnes 89-853 2000-2015 https:/ /minerals.usgs.gov/minerals/pubs/
(niobium content) by other countries . .
commodity/niobium/
US Geological Survey (USGS). Available at:
https:/ /minerals.usgs.gov/minerals/pubs/
Rprazil () Reserves in Brazil Tonnes 3,300,000—4,100,000 1996-2017 commodity/niobium/niobimcs96.pdf
https:/ /minerals.usgs.gov/minerals/pubs/
commodity /niobium/mcs-2017-niobi.pdf
US Geological Survey (USGS). Available at:
https:/ /minerals.usgs.gov/minerals/pubs/
Reanada (t) Reserves in Canada Tonnes 140,000-200,000 1996-2017 commodity /niobium/niobimcs96.pdf
https:/ /minerals.usgs.gov/minerals/pubs/
commodity /niobium/mcs-2017-niobi.pdf
One of the leading niobium ore and }Ej 5 (‘}.eologlcal ?urvey (USGS).' Avall %able aj[:
concentrate producers: Companhia ttps:/ /minerals.usgs.gov/minerals/pubs/
C1Brazil () o . . - Tonnes 19,500-150,000 1991-2016 commodity/niobium/230494.pdf
Brasileira de Metalurgia e Mineragao . . .
(CBMM) in Brazil https:/ /minerals.usgs.gov/minerals/pubs/
commodity/niobium/myb1-2014-niobi.pdf
US Geological Survey (USGS). Available at:
One of the leading niobium ore and https:/ /minerals.usgs.gov/minerals/pubs/
Ccanada (t) concentrate producers: IAMGOLD Tonnes 3300-5480 1994-2014 commodity/niobium/230494.pdf

Corporation (Niobec Mine) in Canada

https:/ /minerals.usgs.gov/minerals/pubs/
commodity /niobium/myb1-2014-niobi.pdf
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https://minerals.usgs.gov/minerals/pubs/commodity/niobium/
https://minerals.usgs.gov/minerals/pubs/commodity/niobium/niobimcs96.pdf
https://minerals.usgs.gov/minerals/pubs/commodity/niobium/niobimcs96.pdf
https://minerals.usgs.gov/minerals/pubs/commodity/niobium/mcs-2017-niobi.pdf
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https://minerals.usgs.gov/minerals/pubs/commodity/niobium/230494.pdf
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Table A1. Cont.

Variable/Parameter

Description

Unit Value Range Time Data Sources

C2—Brazil (t)

One of the leading niobium ore and
concentrate producers: Mineracao Catalao
de Goias in Brazil

US Geological Survey (USGS). Available at:
https:/ /minerals.usgs.gov/minerals/pubs/
Tonnes 3550-4700 1995-2014 commodity/niobium/230495.pdf
https:/ /minerals.usgs.gov/minerals/pubs/
commodity /niobium/myb1-2014-niobi.pdf

Percentage of global niobium production

British Geological Survey’s Centre for
Sustainable Mineral Development

SGFcoef used to produce ferroniobium used in high Y% 0.89 2011 MineralsUK. Mineral Profiles. Niobium and
strength low alloy steels Tantalum. Available at: http://www.bgs.ac.
uk/downloads/start.cfm?id=2033
Percentage of global niobium production British Geological Survey’s Centre for
used in manufacture of niobium alloys, Sustainable Mineral Development
OPcopet niobium chemicals and carbides, high purity %o 0.11 2011 MineralsUK. Mineral Profiles. Niobium and
ferroniobium, and other niobium Tantalum. Available at: http://www.bgs.ac.
metal products uk/downloads/start.cfm?id=2033
National Institute of Materials Science
Energy usage through hydrofluoric acid GJ (estimation Pf C.OZ cTssion and energy
o1 > . 1 2 2003 consumption in extraction of metals)
dissolution process (tonne ore) h . - )
ttp:/ /www.nims.go.jp/genso/
0€j00700000039eq-att/0ej00700000039j5.pdf
National Institute of Materials Science
(estimation of CO, emission and energy
iy Energy usage through solvent G et 31.4 2003 consumption in extraction of metals)
extraction process (tonne ore) htto: . .
ttp:/ /www.nims.go.jp/genso/
0ej00700000039eq-att/0ej00700000039j5.pdf
National Institute of Materials Science
. S (estimation of CO, emission and energy
e CO; emission through hydrofluoric acid COs-eq. 1.8 2003 consumption in extraction of metals)

dissolution process

http:/ /www.nims.go.jp/genso/
0€j00700000039eg-att/0ej00700000039j5.pdf
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https://minerals.usgs.gov/minerals/pubs/commodity/niobium/230495.pdf
https://minerals.usgs.gov/minerals/pubs/commodity/niobium/myb1-2014-niobi.pdf
https://minerals.usgs.gov/minerals/pubs/commodity/niobium/myb1-2014-niobi.pdf
http://www.bgs.ac.uk/downloads/start.cfm?id=2033
http://www.bgs.ac.uk/downloads/start.cfm?id=2033
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http://www.nims.go.jp/genso/0ej00700000039eq-att/0ej00700000039j5.pdf
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Variable/Parameter Description Unit Value Range Time Data Sources
National Institute of Materials Science
CO; emission through solvent (estimation Pf C.OZ ermssion and energy
Y2 . COy-eq. 4.6 2003 consumption in extraction of metals)
extraction process http: . . .
ttp:/ /www.nims.go.jp/genso/
0€j00700000039eq-att/0ej00700000039j5.pdf
[1,55]
Nb grade in HSS ferroniobium applied o PROMETIA, Factsheet available at:
Prb in automobiles % 0.04-0.08,0.1 2011-2017 http://prometia.eu/wp-content/uploads/
2014/02/NIOBIUM-TANTALUM-v02.pdf
Pg Steel in Automobile % 61.7 2012 [56]
Wecar Weight of Car Tonne 1.11361-1.49131 1950-2010 [12]
European
Union:7,823,211
Germany:500,193
Italy:1,610,137
France:1,583,283
End-of-life vehicles (ELV) including Englar.ldzl,157,438
- - Spain:839,637
countries: European Union, Germany, Italy, Units USA:12.000.000
ELV .umber (t) France, England, Spain, Russian Federation, car—1 Canac.la’i 206 000 2010 [14]
USA, Canada, Brazil, Japan, China, Korea, y P
and Australia Brazil:1,000,000
Japan:2,960,000
China:3,506,000
Korea:684,000
Australia:500,000
Global
total:40,176,051
ALp Automobile Avera}ge Life Time (Average Year 16 2007-2014 [12,49,50,57]
Vehicle Age)
o The amount of energy required in cold GJ tonne~! 1.63-1.935 1999-2012 [12,58]

rolling process



http://www.nims.go.jp/genso/0ej00700000039eq-att/0ej00700000039j5.pdf
http://www.nims.go.jp/genso/0ej00700000039eq-att/0ej00700000039j5.pdf
http://prometia.eu/wp-content/uploads/2014/02/NIOBIUM-TANTALUM-v02.pdf
http://prometia.eu/wp-content/uploads/2014/02/NIOBIUM-TANTALUM-v02.pdf
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Variable/Parameter Description Unit Value Range Time Data Sources
o The amou“;‘)’lfhi;egchiu“ed in hot GJ tonne~! 1.7-1.88 1999-2012 [12,58-60]
o3 The amount of energy required in GJ tonne ! 0.076 1999-2012 [12]
continuous casting process
o The amount of energy required in basic GJ tonne~! 0.4 1999-2012 [12,59]
oxygen furnace process
as The amountfzr‘f:feri};sfg;;‘red nblast G onne ! 12.3-16 1999-2012 [12,59,60]
The amount of energy required in _
o Sintering /Cokinggyprglcess GJ tonne ! 438 1999-2012 [12,61]
By The greenhou§e gas emitted in cold Ton_ne 0.008 2013 [12,60]
rolling process COs-eq.
By The greenhogse gas emitted in hot Ton_ne 0.082 2013 [12,60]
rolling process COs-eq.
The greenhouse gas emitted in continuous Tonne
B3 casting process COy-eq. 0 2013 [12,60]
Ba The greenhousff1 i?;cimltted in basic oxygen CTgn-ne 0.09 1999-2012 [12,61,62]
process h-eq.
Bs The greenhouse gas emitted in blast Tonne 1.09-1.46 1999-2012 [12,60-62]
furnace process COy-eq.
The greenhouse gas emitted in Tonne
Be sintering/coking process COs-eq. 043 1999-2012 [12]
US Geological Survey (USGS). Flow Studies
for Recycling Metal Commodities in the
United States. Available at:
ARgR Automobile Recycling Rate % 85 1998-2013 https://pubs.usgs.gov/circ/2004/1196am/

c1196a-m_v2.pdf
ISRI. Available at: http:/ /www.isri.org/
docs/default-source/recycling-industry/
fact-sheet---iron-and-steel.pdf?sfvrsn=16



https://pubs.usgs.gov/circ/2004/1196am/c1196a-m_v2.pdf
https://pubs.usgs.gov/circ/2004/1196am/c1196a-m_v2.pdf
http://www.isri.org/docs/default-source/recycling-industry/fact-sheet---iron-and-steel.pdf?sfvrsn=16
http://www.isri.org/docs/default-source/recycling-industry/fact-sheet---iron-and-steel.pdf?sfvrsn=16
http://www.isri.org/docs/default-source/recycling-industry/fact-sheet---iron-and-steel.pdf?sfvrsn=16
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Variable/Parameter Description Unit Value Range Time Data Sources
US Geological Survey (USGS). Flow Studies
for Recycling Metal Commodities in the
SRg Automobile Scrap recycling efficiency Y% 50 1998 United States. Available at:
https:/ /pubs.usgs.gov/circ/2004/1196am/
c1196a-m_v2.pdf
01 The amount of energy required in cold = -, -1 1.63-1.935 1999-2012 [12,58]
rolling process for secondary production
The amount of energy required in hot rollin _
02 process for Secgoyn dfry production &  GJ tonne! 1.7-1.88 1999-2012 [12,58-60]
The amount of energy required in
03 continuous casting process for GJ tonne ! 0.076 1999-2012 [12]
secondary production
The amount of energy required in electric arc 1
04 p . GJ tonne 25-2.8 1999-2012 [12,58-60]
urnace process for secondary production
A The greenhouse gas emitted in colc} rolling Tonne 0.008 2013 [60]
process for secondary production COs-eq.
A The greenhouse gas emitted in hot.rolhng Tonne 0.082 2013 [60]
process for secondary production COs-eq.
As The greenhouse gas emitted in continuous Tonne 0 2013 [12,60]
casting process for secondary production COs-eq.
A The greenhouse gas emitted in electric arc Tonne 0.06-0.09 2006-2011 [42,63]

furnace process for secondary production

COy-eq.



https://pubs.usgs.gov/circ/2004/1196am/c1196a-m_v2.pdf
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