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Abstract: Copper and iron are critical to the economic growth of modern society. Nations depend on
these metals for the development of infrastructure, transportation, and other industries. However,
concerns regarding future availability of “peak minerals” with a “limit to growth” have been exten-
sively debated. The purpose of this study was to investigate the amount of potential resources and
the recycling rate from secondary metal scrap recycling for the sustainable development of mineral
resources. The long-term mineral supply and demand balance with respect to recycling for copper
and iron were developed for the next 50 years at the regional and global levels. The results indicate
that the supply of copper would increase four-fold by 2070 compared to 1991, with primary copper
remaining the main contributing source. For iron, the total supply would increase by nine times from
2000 to 2070, with secondary recycling surpassing the primary iron supply by 2033 and becoming
the main contributor by 2070. Even though there is no future resource constraint, further promotion
of scrap recycling, especially for copper, is necessary to address environmental concerns through
reduction in material extraction. Emphasizing the importance of metals in society is essential for

stock accountability through resource efficiency and resource conservation.

Keywords: sustainability; system dynamics; copper; iron; mining; recycling

1. Introduction

Copper and iron are ubiquitous in the products we use today. Owing to their unique
properties, these metals have proven to be essential components of transport, building,
and construction. The demand for copper and iron has increased exponentially as a result
of the increasing per capita income of nations. This demand is expected to grow by 3.2%
annually [1,2]. The rising scale of production in copper and iron ore mining raise concerns
about their future availability, with regard to their “limit to growth.” The pertinent question
is whether this may become a problem for long-term physical availability [3-11].

Several attempts have been made earlier to model trends in metal production. The
Hubbert function, comprising the ultimate recoverable reserves (URR), has been used
to assess metal mining rates to estimate when production will peak [12]. Adachi et al.
developed a long-term global copper supply and demand model using system dynamics
to allocate 12 regions as primary copper producers, and the final demand was measured
taking into account recycling and metal substitution [13]. The study made strong assump-
tions based on geological constraints in their analysis, and the results indicated that a
strong promotion in recycling is required to satisfy copper demand. Van Vuuren et al.
outlined the principles of global metal cycles for copper by applying system dynamics to
simulate mineral consumption up to the year 2100 by considering ore-grade decline, capital,
energy requirements, and waste flows in their modelling [1]. The mineral resources were
characterized as abundant or scarce. The production cost was expressed as a function of
energy consumption to investigate the sustainability concerns of metal resource use. Ayres
et al. applied time series supply and demand for copper lifecycle up to 2100 at a global
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level and specifically for the United States [14]. Their model involved material balancing in
the “Intergovernmental Panel on Climate Change Special Report on Emission Scenario B
(IPCC-SRES-B)” to conduct simulations focused on growing demand and functional and
non-functional recycling levels to estimate the existing stocks.

Iron material flow analyses have also been conducted globally [15,16]. Oda et al.
explored the future steel scrap availability up to 2050. Their assessment indicated the
end-of-life recycling rate is an important factor in the future to the total scrap to alleviate
demand for future primary steel [16]. The stock and flow patterns of iron have been as-
sessed for future long-term emission reductions of carbon dioxide by increasing secondary
steel production [17,18].

Northey et al. used the concept of “peak mineral” with a geological model to measure
future metal mining supply trends by considering the following aspects: ore grade, URR,
and other constraints, either economic or technological [7]. The URR, which is the limit
of the physical availability of economic resources, is defined as the total amount of metal
recovered throughout its extraction history and indicates the potential economic extraction
of an ore deposit. Mass flow analysis by other researchers have underestimated the URR for
copper [19,20]. Further, Laherrere used the Hubbert model for nonferrous metal analysis
and also underestimated the resource estimate [21]. This underestimation caused the
model to define peak reserves with a smaller lifetime. Tokimatsu et al. developed a
sustainability model for the supply of copper, lead, and zinc that quantified demand and
supply, including scrap supply, by examining the lifecycle of these metals on a global scale.

Furthermore, resource availability concerns have increasingly been linked to environ-
mental impacts. Thus, assessment reports by the International Resource Panel outline this
concern and provide measures for decoupling resource use and economic activity from
environmental impact [22-24]. The consideration of long-term material supply availability
focuses on the biased distribution of supply prospects. The physical constraints linked to
resources that are finite are escalating factors in determining the supply risk. To measure
resource availability, we estimated the supply and demand of copper and iron ore. Fur-
thermore, the supply of mineral resources to drive economic progress and infrastructural
development also portray negative environmental impacts that need to be addressed to
adhere to sustainable production and consumption.

Ore grade and URR are important aspects for understanding the physical scarcity
of primary metal mining. To address the gaps around resources, we address the issues
of life expectancy of reserves [25]. The relative importance of exploration rate and tech-
nological progress are modeled for the conversion of known uneconomic resources to
economic reserves [26,27].

For attaining sustainability, alternative consideration of secondary recycling material,
depending on the recycling rates and efficiency, continues to grow as the mining production
costs rise against the unit of production. The study provides insights on the perspectives
of resource exhaustion. The purpose of this study is to analyze the concerns associated
with the sustainable supply of copper and iron mineral resources by developing a long-
term mineral resource balance for the quantification of supply and demand, inclusive of
secondary recycling, up to 2070.

2. Method and Theory

The physical constraints on the metal supply problem have drawn attention as metal
production growth has been rising to accommodate the increasing demand for metal
consumption by sectorial consumers. With the diminishing metal ore grade quality and the
simultaneously accelerating production, resource stakeholders are prudent of the rising
physical scarcity in geographical locations and the ore’s accessibility. The current global
average cut-off grade is 0.49% Cu [11,28] and 30-40% Fe for medium grade iron [16]. The
purpose of undertaking the study of long-term future conditions of copper and iron ore is
to access future quantities available under recoverable economic conditions. In addition,
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the consumption forecast is a substantial input for optimizing and building a representative
model of resource availability, with the impact on the environment at the forefront.

Material flow analysis (MFA) is a defined system in focus, for example, a geographical
region or industrial process such as mining, and it attempts to track and quantify material
flows both within and between the system boundary and the environment [19,29,30].
The system boundary is the boundary between the socio-economic system (i.e., national,
regional, or global) and the natural environment from which materials are extracted and
waste is discarded [31]. The MFA approach is carried out as a system dynamics model
that contributes to material flows and anthropogenic stocks by accounting and tracking
the material flow during their lifetime from cradle-to-grave [19,32-34]. Through system
dynamics, we improved the model used by previous studies by including metal resources,
their extraction, recycling, and supply dynamics. For example, such dynamics system
can identify spatial reservoirs of the material in use, should those material become scarce
in the future. The dynamic system operates on physical flows that are dependent on the
data acquired from individual metal mines. In addition, the MFA approach quantifies the
metal life cycle by identifying the amount of ore material produced during mining, the
amount of secondary metal produced from recycling processes, and the waste flows related
to these processes [19].

System dynamics analysis is thus conducted to improve system performance by
identifying and modifying feedback mechanisms that drive system behavior to measure
the stock and flow output [3,4,35,36]. The adaptive learned procedure of the stock and
mass flows are expressed on balanced mass flow regression equations based on predefined
conditions such as system boundary, system structure, and parameters such as mine
production rate, consumption rate, recycling rate, etc. before simulation commences. The
material flow has been numerically presented using STELLA software [13,35-37]. The
spatial distribution of mineral resources required for input data can be geographically
identified by their regional characteristics. Thus, researchers have been successful in
characterizing resource constraints by geographical location over the long-term trends of
the supply of these resources. Thus, system dynamics incorporates complex dynamics
while maintaining simplicity in modeling to mitigate supply uncertainty and vulnerability.

The assumed flow of the metal is shown in Figure 1. Primary reserves of metals are
made up of varying sources categorized by geographical location at the country, regional,
or global levels. The URRs were estimated by the authors of this study. Metal mining
production of either copper or iron depletes these proven reserves, depending on the rates of
exploration, technology, discovery, etc. Concurrently, secondary recycling production takes
place with scrap recovery from the metal consuming sectors, and the total supply flows to
the market stocks as a supply inflow. Metal stockpiles are the mainframe of supply and
demand dynamics occurring within the market. The demand for these metals depending
on the consuming sectors by application in each industry is shown in Table 1. The degree of
the material requirement for consumption varies by the market share of each sector, which
can be predicted by their intensity of use. Intensity of use is defined as the amount of metal
demanded or consumed per income. Metal recycling is estimated individually based on
the retired product lifetime of each sector, with non-recyclable material proceeding to an
end-of-life at landfills.

Data obtained were collected primarily from the S&P global database for resource re-
serve estimates, ore grade, strip ratio, and mining production between 1991-2019 for copper
and 20002019 for iron. The forecast period covers the long term, from 2020 to 2070. Addi-
tional data for metal consumption estimates were collected from the World Bureau of Min-
ing Statistics and the World Steel Association. Other scientific journal papers and reports
provided additional estimates of production, recycling, technology, and efficiency rates.

2.1. Resource Estimation

The need for resource definition to reduce physical resource uncertainty is important
as it helps in identifying material inputs that are economic and recoverable. Mineral
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resource availability was modelled on distinguishing resources and reserves according to
the modified McKelvey classification [38]. Resources are geological occurrences with an
inferred certainty of existence, whereas reserves are resources with a measured and probable
certainty of occurrence [38]. Proven reserves are identified, measured, and economically
profitable. Cumulative production forms a part of the proven reserves, which increase
over time. The limit on the physical availability of economic resources is the URR. A given
cut-off ore grade determines the URR. The cut-off grade adjusts to the technological market
and geological conditions occurring at the mine site. In this model, the limit of ore grade
modelling is assumed at a cut-off grade of 0.2% Cu and 20% Fe, which is a determining
factor in limiting future available resources. Grades lower than these predetermined cut-off
grades are assumed to be perpetually uneconomic. The reserve base of the producing
regions or selected countries for the metal has been used to develop relations between
cumulative ore grade and tonnage in previous studies [39]. The relationship fits a log-
normal distribution of the metal ore grade and mineral tonnage identical to Lasky’s law
for metals such as copper and nickel, and a linear best fit to metals that do not conform to
Lasky’s rule, such as gold, iron, or zinc. The global resources regressed are 1.34 Gt Cu and
107.15 Gt Fe [39]. The copper estimates are lower than the USGS 2006 [2,40] of 3.9 Gt Cu,
and iron estimates are similar to 170 Gt Fe of USGS 2019 [41], respectively.
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Figure 1. Schematic structure of the material flow.

2.2. Metal Supply Modelling
2.2.1. Primary Supply

The total extraction of metal mining at a given location (i), either global, regional, or
country, is the cumulative production volume of that locality in the current term (f) minus
the previous term (¢-1). Regional localities were divided into five locations: Africa, Asia
Pacific, Europe, Latin America, and North America. At the country level, selected countries
were analyzed depending on the country producing that metal ().

5
Total Extraction,, ; ;= Total Extraction,, ; ;.1 + Z Supply,, ;s @)
i=1

The extraction rate is affected by the growth rate of resources. The extraction factor has
a multiplier effect on the extraction. A 0.9 extraction factor was applied to all mine sites [39].

Proven reserve (Rs) tonnage is determined by the difference between newly discovered
reserves at a given time () of a producer location and those previously discovered. These
reserves are affected by the changing discovery rate (DR) over time:

5
Rs, mit= Rs, mip1+ Z(DR m,it” Smit) 2)
i=1



Resources 2022, 11, 37

50f19

Supply Capacity,, ; ,= Carrying Capacity Index x Capacity Metal Ore

where S is the total metal supply. The discovery rate is inversely proportional to the
remaining fraction. Technically, the quantity of proven reserves is equivalent to cumulative
production. The latter can never exceed the total reserves of a given region. However,
unproven and undiscovered resources can be converted to identified and proven resources
at any time, thus changing the size of these reserves, and ultimately be mined economically
in the future, even at lower grades.

The ultimate reserves including both cumulative production and proven resources
were defined. However, to extract only economically, extractable, and recoverable resources,
the URR is defined by the cumulative production in metal ore mining along the production
history and at a given economical cut-off grade. These resources were defined by the
exploration (E) and technology (T) changes that occur during the lifetime of mining in a
given location:

5
URR 4= URRyp i1 + ) (E i+ Tmir) ®)
i=1
The percentage change in exploration is represented as a function of time (f). The rate
of change in exploration was determined by the remaining recoverable resources exploited
over time. To stabilize the model, constant « is applied:

Exploration Rate,, ;; = x(Exploration Rate,, ; ;.1 * Remaining Resources,, ;1)  (4)

According to [13], the technology rate (r) changes by 0.8% annually. It accounts for
all the mining, smelting, and recycling processes that occur over time. In our study, we
applied this rate to all the metal models. Even though this rate should be adjusted as a
function of time (t), we kept it constant owing to its inelasticity and inertia. We calculated
the technological rate as

Tonip= et @)

The changing resource by production ratio (RbyP), which describes the lifetime of
commodity () in a location (i), was obtained by dividing the proven reserves by the annual
production, thereby delineating the resource potential over time.

The remaining recoverable resources reduce over the production lifetime of the mine as
the reserves of an ore deposit are depleted. It was defined as the URR minus the cumulative
primary mining production:

Remaining Resources,, ; ;= URRy i 1-1- Qpy i1 (6)

The supply capacity of the metal ore flow changes over time, assuming that the
smelting capacity and total mine capacity are kept constant with a carrying capacity index
of 0.9 as the ore grade, and the capacity ore production tonnage flows into production
at a given time. Production delay was also assumed, as mine projects do not commence
instantly because of their inherent nature. A two-year time delay factor was applied to
the model considering that mine projects in the stages of development can take between
one and five years to commence [42]:

* Gradey, ; 11 (7)

m,it-1

Mining supply was estimated to determine the cumulative trends for each metal. The
logistic curve [43] model was used to forecast by regression, and the cumulative production
up to 2070 was estimated for selected countries and regions based on Equation (8):

Py = Qir—Qir1

which can be rewritten as

P, — dQ;

AT dt (8)
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The annual growth rate of mining production (P;) was assumed to be constant
over time.

2.2.2. Secondary Supply

Metal recycling from old scrap is a function of the generation from old scrap and end-
of-life recycling rate (EOL-RR). The metal scrap of these resources is generated depending
on the product lifetime in the consumption sectors. We estimated this by applying the
Weibull distribution, specifically the probability distribution function (PDF). This statistical
distribution was adopted in this study to model the metal lifetime of products generally
applied in many studies related to stock and obsolete simulations [27,44]. The justification
for using the Weibull probability distribution is that it can provide a better goodness of fit
than the normal distribution, as it allows factoring in retiring products in their respective
sectors that enter their end-of-life to be disposed into landfills. The copper industry includes
the electrical, industrial, transport and other minor sectors. The iron industry includes
the infrastructure, industrial, and transport sectors. In both of these industries, the share
of metal use in each sector is applicable at their market share. The market share was
estimated from previous sources [45,46] and is displayed in Table 1. P, in Equation 9
represents secondary recycling production over time (t). The characteristics of the Weibull
(two-parameter Weibull) random variable (x) are characterized by scale parameter (A),
shape parameter (8), and location parameter («). The scale parameter was predefined in
the Excel Solver. The shape parameter () represents the lifetime of the metal product. The
location parameter in a two-parameter function distribution was insignificant; therefore, it
was set to 0. The Weibull distribution is given by

tn :371
i(5)
Pylt: thtnX —| = e
(Lo (8

Table 1. Weibull distribution product lifetime for copper and iron.

=

) 1 } » EOL-RR )

Weibull Distribution Parameters

Market Share Maximum

(%) 1 Lifetime (Years) A B
Copper
Electrical 26 8 1 1.598
Industry 19 35 1 1.619
Transport 13 17 1 2.559
Other 42 5 1 1.629
Iron

Infrastructure 52 50 1 2.031
Industry 34 35 1 2.031
Transport 14 8 1 2.019

1 Market share after [45,46].

The period of delay (¢-,,) in the metal demand creates a periodic lag in the consumption
of a metal in the sector. Therefore, the recycling of either copper or iron is simulated as a
function of their individual metal demands (D;) consumed in each sector for usage, with a
recycling rate as the Weibull probability distribution (PDF: x, A, ). The EOL-RR measures
the recycling rate as a ratio of the metal in a discarded product separated to obtain recyclates
that return to the production processes to the total discarded product inclusive of retired
metal [22]. The recycling rates were assumed to be 60% for Cu and 72% for Fe [23].

The annual discard flow amounts, defined as the total quantity of scrap collected from
all used products, were calculated for each consumption sector for copper and iron ore.
The current scrap recovery rate at the disposal plants is 80% for Cu and 70% for Fe [47,48].



Resources 2022, 11, 37

7 of 19

The retiring period was calculated in years, as waste generated at the peak lifetime. The
retired lifetime is a part of Equation (9) as follows:

f(i)ﬁlemﬁ

The product delay was measured at the PDF and cumulative distribution function
(CDF) intersection point. Figure 2 displays recycling production on the Weibull distribution
for the largest consumption sector in the copper and iron markets. Table 1 presents the esti-
mated values for the A and  parameters used in the Weibull distribution to determine the
recycling flows of copper and iron by their respective metal-consuming sectors estimated
using Minitab. Furthermore, the residence time to end-of-life was assumed to be constant
during the forecast period.

30,000 80 3,500 35
—CDF —CDF
PDF 70 PDF
25,000 1 _ 3.000 A 30
= =
b L 60 2 -
S g 52,500 25
220,000 g et =
2 L so 2 g =S
z Z £2.000 20 §
2 - g g
élS.OD(] B F 40 z :i i
= = - <7
E R E é 1.500 A 1SR
g 3078 = =
10,000 - = E E
3 20 E gl,()(}(} b F 10 §
5 B |32 £
Z 5000 - =
9 S 500 4 =
10 S 500 5 %
= =
0 - T T T T T T T T - 0 0 T T T T T T T T T — 0
0 10 20 30 40 350 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Delay Period (Years) Delay Period (Years)
Cu_Electrical Fe_Infrastructure

Figure 2. Weibull distribution product lifetime for copper and iron ore in selected sectors.

2.2.3. Metal Demand

Current economic growth has led to explosive growth in metal consumption. In
addition, the relationship between energy and metal consumption presents a strong in-
terrelationship. Furthermore, the global GDP is expected to grow at an average rate of
approximately 3% by 2050 [13,49,50]. In our study, this rate was assumed to remain con-
stant until the year 2070. Van Vuuren et al. expressed metal demand as a function of energy
consumption [1]. They outline that about 5-10% of the global primary energy is consumed
by metal industries. The link between energy consumption and metal demand is viewed as
having a positive linear relationship [51]. Due to the large share of electricity consumption
in the total energy demand, it was used as the basis for the interrelationship with the metal
consumption of the consuming sectors:

Yu =ayt+c (10)

Here, y represents the electricity consumption of a consuming sector u. The electricity
consumption was measured as a function of time f, where a and c were constants.

The metal consumption of a consuming sector # was estimated based on the regression
equations as a function of electricity consumption in Equation (11). Herewith, metal
consumption, C;;, expected to have a demand rate of 3%, was regressed linearly:

Cmu =Yyut +c (11)
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Then, metal consumption at the market share of the consuming sector is given by

Conu,Ms = Yumst + ¢ (12)

The carry-forward inventory is the remaining material tonnage left unused by consum-
ing sectors from the previous year. As such, inventory is used as an adjustment to balance
the supply and demand of the systems model with changing time. Therefore, a balanced
model cannot assume negative conditions. Thus, to measure demand, this carry-forward
inventory from the previous year was reduced from the summation of the consuming
sectors (Cyy,u,¢) at the market share (MS):

t=n
World Demand ,,;; = Z (Consuming Sectors

Carry Forward Inventorymli,t) (13)
i=1

wm,i b

The trend in intensity of use (IU) is given as a ratio of the metal consumption in
sector u by the per capita GDP in a given country or region i. The IU of these metals in their
consuming sectors will rise as metal consumption increases and ultimately decline as the
sectors mature and demand peaks.

2.2.4. Model Calibration

To determine the relevance of the model, it was calibrated by comparative analysis
of simulated results from actual historical data through historical matching for copper
(1991-2019) and iron (2000-2019) over primary mining production, secondary recycling
production, and consumption data. Historical matching is conducted by adjusting a set
of model parameters to provide the best possible outcome to stabilize the model before
prediction commences. Although historical matching provides past trends, the objective
is not to reproduce these trends, but to provide a baseline for the assumption of future
long-term trends. Figure 3 displays the historically matched data for copper and iron at the
global level.

The root mean square error (RMSE) is the square root of the variance of the residuals
that corresponds to the prediction error per square of the given sample population. This
criterion depends on the order of magnitude of the observed values, which indicates the
absolute fit of the model to the data, that is, how close the observed data points are to the
model’s predicted values. The RMSE can be interpreted as the standard deviation of the
unexplained variance and has the useful property of being in the same units as the response
variable [52]. Lower RMSE values indicate a better fit. The RMSE is a good measure of how
accurately the model predicts the response. Table 2 shows the RMSE statistical results for
copper and iron at the global level.

Table 2. RMSE statistics of copper and iron primary production, secondary production, and con-
sumption at the global level.

Stock Metal RMSE
World Primary Production Cu 4.287
Fe 1.03
World Secondary Production Cu 2.404
Fe 12
World Consumption Cu 2.937

Fe 0.357
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Figure 3. Historical matching of copper and iron primary production, secondary consumption, and

consumption at the global level.

3. Results and Discussion

This study confronts the predicament that the physical scarcity of copper and iron
resources is unlikely to be constrained over the study period. However, the current supply
rates will constrain the primary supply of these metals. Our findings indicate that there
would be no major structural changes by 2070 within the copper industry in terms of the
main contributor to total supply. However, the secondary supply of iron would become the

main source of iron by 2070.
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3.1. Copper
3.1.1. Copper Supply and Demand

Figure 4 illustrates the trend behavior of primary and secondary supply and the
consumption of copper from 1991 to 2070. From this figure, the base scenario assumes that
primary copper reserves are not sufficient to support the future copper availability for the
increasing demand by 2070; thus, recycling as a secondary source of copper production
is necessary to sustain future supply. Total supply will increase from 8.89 Mt in 1991 to
39.9 Mt in 2070. The primary copper production will remain the main source of copper in
2070 with production volume increase of 26.8 Mt (2070) from 7.89 Mt (1991). Latin America
presents itself as the main producer of copper as shown in Figure 4, with the production
volume doubling from 7.5 Mt (2020) to 16.4 Mt (2070). Furthermore, metal mining in the
Asia-Pacific region is expected to triple from 3.7 Mt (2020) to 11.1 Mt (2070) at a 1.4% growth
rate. The scale of mining in the European region would remain significantly small. If we
look at countries instead of region, Chile continues to play a significant role in copper
supply, given the large Chilean scale in production (Figure 4). Furthermore, we observe
peaking in primary production as the production rate decreases to stabilize at around 2%
by 2060.

45

Cu Supply & Consumption (Mt)
—_ = N N @ ] b
[} Q1 (e} Q1 o a1 o

&)
1

0 -
1990 2000 2010 2020 2030 2040 2050 2060 2070
Chile mm Europe

I Africa mm North America
B Rest of Latin America I Asia Pacific

Figure 4. Copper primary supply, secondary production, and consumption simulation.

Meanwhile, the current EOL-RR at 60% is expected to rise steadily until 2070 to sustain
the total copper supply. The secondary supply increases from 1 Mt (1991) to 13.1 Mt (2070),
accounting for 33% of the total copper contribution by 2070. This trend is driven by the
estimated consumption which will grow from 7.9 Mt to 39.6 Mt between 1991 and 2070 at
an average growth rate of 0.43%. The electrical (E), industrial (I), transport (T), and other
(O) applications are sectors of the copper industry at 26%, 19%, 3%, and 42%, respectively,
at their market shares [44,45]. This scenario was consistent with the base model proposed
by [13]. In their analysis, the primary copper supply was the main source of the total supply
till 2070 but began to decelerate from 2090. The consumption trends in millions of tons of
these applications regressed as follows:
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Ccugms, = 0.222t — 306,855 (R? = 0.958)
Ceuims, = 0.239t — 296,866 (R? = 0.958)
Ccutms, = 7.686t — 530,326 (R? = 0.912)

Ccuoms,t = 4926t + 2,851,125 (R? = 0.948)

Figure 5 shows that the copper sectorial demand trends demonstrate a monotonic
increase until 2070. The sectorial demand of the sectors accelerates at varying demand
rates, with the total demand increasing by almost five times in 2070 to 48.8 Mt/year
compared to 1991. The increase is slightly lower than that reported by [2,14], which ranged
from 50 to 50-80 Mt/year in 2070. Moreover, the estimates vary by analytical methodology.
The electrical sector has the largest demand by market share increasing from 5.2 Mt/year
to 20.4 Mt/year over the study period followed by the industrial and transport sectors and
to a lesser extent the agglomeration of minor shares.

60
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Figure 5. Copper demand by sector.

The IU in the transport, industrial, electrical, and other sectors that inherently reflect
future demand projections for copper show monotonic increases over time, as shown
in Figure S1. The major demand for copper is sourced from other sectors, which is a
summation of various minor sectors, followed by the electrical, industrial, and transport
sectors. The Asia-Pacific trend displays a steeper IU pattern in the electrical sector, which
decelerates quickly as material consumption reduces in the region but remains high in the
comparative sectors. Figure 6 shows the total intensity of copper use in each region. Asia-
Pacific, Europe, Latin America, Africa, and North America show the order of increasing
IU from highest to lowest. The trend in IU in Europe shows a rapid decline from the
beginning of the study period. By 2040, the IU of all the regions will decline as the copper
sector reaches maturity through economic development. By application share, Africa’s
IU in the transport sector declines to 3.2 tons per GDP by 2070 and Latin America’s IU
falls to 4.1 tons per GDP over the same period. In the industrial sector, by 2070, the IU
of use will remain above 5 tons per GDP. Owing to the rapid development of electrical
applications in the Asia-Pacific region, the resource IU indicates a drop as it has been on
an accelerating decline since the early 2000s and falls below Latin America around 2020.
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North America indicates a relatively low material intensity for consumption in the electrical
sector (Figure S1).
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Figure 6. Copper intensity of use by region.

3.1.2. Copper Sensitivity Analysis

Regarding secondary consumption, two major factors are important for future scrap
availability: recycling efficiency and EOL-RR. Product lifetime and in-use stock from the
consuming sectors are intrinsically linked to the recycling rate. The parametric value of
the recycling rate was 58.5%. Previous literature assumes an EOL-RR between 45-80%
varying at the global, regional, or country level [11,19,22,27,50]. Assuming a 75% increase
in EOL-RR improves it by 2070 to 42 Mt, such that recycling processes become the main
copper source of supply. At 75% sensitivity, the simulated resource efficiency would be
equivalent. These two factors show that copper recycling could still be improved to increase
recycling production, ultimately reducing environmental consequences.

3.1.3. Sustainable Use of Copper

The global production of copper is concentrated in Latin American regions, specifically
Chile. This region has become a hotspot for copper production owing to the resource
governance, ore grade, and large copper reserves in the area. The ultimate resources with a
maximum cut-off grade of 0.2% Cu are not a concern for the scarcity of the resource by 2070.

The ability to safeguard the availability of copper for future generations depends on
the end-of-life recycling rate and recycling efficiency. A recycling rate of at least 75% is
required to achieve copper sustainability in the future. While past studies estimated the
current recycling efficiency at 84% [11,19,20], we applied a recycling efficiency of 66%. With
the rapid decline in copper ore grade, recovery becomes more difficult over time as the
cost of returns increases; hence, adjusting these efficiencies for practical scenarios of copper
use will provide a better understanding of resource stakeholders. The application of a
specific product lifetime for copper improved the model by underpinning the copper rate
of demand.
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3.2. Iron
3.2.1. Iron Supply and Demand

The global model is iteratively calculated with the adjustment parameter set to balance
the model and minimize the error from the actual value by historical matching. In this study,
primary mining production refers to the summation of iron production from direct reduced
iron (DRI) and electric arc furnace processes (EAF). This assumption is preferred to reduce
the complexity of the material balance in modeling the iron ore. In addition, the amount
of iron ore sent into the DRI and EAF is equivalent to the iron ore mining production.
Figure 7 illustrates the base scenario trend between total iron supply and consumption by
2070. The simulation scenario in the base case shows that the iron supply will increase by
three-fold of the current level, from 1220 Mt to 7190 Mt. This figure shows that primary
iron ore production is the main source of iron supply. Primary production is projected to
increase from 1420 Mt in 2020 to 2555 Mt in 2070. However, in 2033, secondary production
processes with quantities of 1510 Mt surpass conventional mining, increasing its iron share
proportion to 66% (by 2070) to sustain the demand for crude steel consumption by 2070
with 4634 Mt. World consumption increases from 1019 Mt in 2000 to 7140 Mt in 2070. In
addition, there will be intermittent periods of excess supply between 2030 and 2070. The
numerical crude steel consumption was relatively consistent with that in existing literature.
In our findings, in 2010, crude steel consumption was 1458 Mt, compared to 1433 Mt [53]
and 1417 Mt [16]. In 2050, crude steel consumption is expected to reach 3370 Mt compared
to 3291 Mt predicted by [16] in their high-demand case. The rate of consumption will
increase from 0.3% in 2020 to 0.75% in 2070, as illustrated in Figure 7.
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Figure 7. Iron primary supply, secondary supply, and demand simulation.

The Asia-Pacific region has the largest cumulative share in iron ore supply of >80%,
which increases from 1047 Mt in 2000 to 1573 Mt in 2070. Australia is the top iron ore
producing country, accounting for approximately 50% of the total share of production.
Australian production would increase from 586 Mt in 2000 to 881 Mt in 2070. Around 2010,
Australia experienced large-scale iron ore production to cater to increasing demand in
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China. While China is a large consumer of iron for steel production, its national production
remains low because of the low ore grades found in the country. Primary production
changes from 146 Mt to 161 Mt over the study period. The old scrap supply could reduce
up to 80% of the iron ore required for steel production in China by 2050 [16,54,55].
Classification of iron manufacturing demand was based on previous studies [42,43].
According to these sources, the iron usage percentage share (MS), 52% in construction (C),
34% in industrial (I), and 14% in the transportation (T) industries [45], is estimated using
Equation (13). The consumption trends of these applications were expressed in million
tons, as follows:
Cre,cms,t = 6.235¢ + 6.565 x 108 (R? = 0.620)
Crems,t = 0.30f — 3.278 x 107 (R? = 1.000)
CreMms,t = 828.08t — 1.182 x 107 (R? = 0.634)

Figure 8 illustrates the iron demand trends till 2070 by sectorial market share. The
major iron demand is utilized in the construction sector, followed by the transport and
industrial sectors. This large share of construction is largely accounted for by China’s large-
scale consumption to support its national industrial growth for development, which has been
a leading potential market for iron since the early 2000s. The total demand for iron steel has
grown to more than 3 Gt of Fe by 2070. This trend is supported by literature [17,54-57].
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Figure 8. Iron demand by sector.

Resource use per GDP was simulated based on the demand trends (Figure S2) for each
sector. Similar to copper, the future intensity of use exemplifies monotonic increases over
time, before declining in 2070. However, the Asia-Pacific region has a steeper deceleration
in the industrial sector. In the construction sector, the Asia-Pacific and African regions
have similar intensity of use of future patterns with a significantly large gap between the
two trajectories as the African trend trails behind. In addition, Figure 9 shows that the Asia—
Pacific region has the largest IU trajectory in the long term. The North American region,
which consists of advanced economies such as the United States and Canada, requires
minimal resource consumption of approximately 2500 tons per GDP, as their economic
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focus would shift to services. Africa’s developing countries are expected to advance rapidly
before peaking before 2050 to become more advanced than Latin America.

30,000 600,000
Africa
Europe

25,000 A =] atin America | 500,000

20,000 A 400,000

15,000 - 300,000

10,000 - 200,000

5,000 - 100,000

Fe Intensity of Use ( Tonnes per GDP)

Fe Intensity of Use_Asia Pacific (Tonnes per GDP)

0 T T T T T T T 0
2000 2010 2020 2030 2040 2050 2060 2070

Figure 9. Iron total intensity of use by region.

3.2.2. Iron Sensitivity Analysis

Recycling efficiency and EOL-RR were estimated to be 43.7% and 33%, respectively.
Recycling efficiency is consistent with various sources [22]. The model-based recycling
rate is pessimistic compared to previous studies [16,22,57,58] because it is based on the
assumed product lifetime duration function. According to Oda et al, a recycling rate of 85%
could lead to an overestimation of the future scrap availability [16]. At the global scale, 70%
of EOL-RR is applied [15,16]. Recycling efficiency significantly influences the degree of
secondary production compared to recycling rate. Raising or lowering recycling efficiency
has a decelerating effect on scrap recovery. The recycling rate at current levels is optimized,
and the recycling efficiency is approximately 60%. This is because, at every steel plant, a
recycling plant also preferentially exists, and all steel production consumes scrap, resulting
in a high level of recycling from iron to steel with very limited room for improvement and
material loss [54]. To increase the recycling efficiency by 100%, the recycling rate should
be equal to the simulated secondary production level. Currently, the ratio of recycling
efficiency to recycling rate is 0.6. However, lowering the recycling efficiency to between
25-75% would result in a lower recycling rate.

3.2.3. Sustainable Use of Iron

Iron ore primary production would be surpassed by secondary recycling by the
mid-2030s to become the main source of resource supply by 2070. Even though iron ore
resource/reserve size is abundant and requires ample exploration for new discoveries, the
resource industry continues to improve the recycling industry for steel production [54] and
would raise the recycling efficiency to the recycling rate ratio. This industrial practice will
ensure sustainability, and future availability should rise at increasingly exponential rates.
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The majority of global iron mine production activities occur in the Asia-Pacific region,
with Australia being one of the top producing countries. For consumer countries, this
provides a geographical advantage to accessing the iron markets, especially fast-increasing
economies such as China.

4. Conclusions

A sustainable future through sourcing and consumption of resources is at the forefront
of comprehensively understanding the present value of these resources. The present
trends in global resource extraction are steeply rising, with no significant signs of slowing
down, leading to concerns about the sustainability of resource supply in the future [30,31].
No generally accepted global level quantitative resource scenarios exemplifying resource
extraction and use exist at present, which can be considered to be a huge gap in addressing
resource challenges [30,31].

Whether these resources are “finite” or the impact of mining puts pressure on the
environment; both allow for a sustainability model. While the existing literature denotes
varying future projections of the future metal supply, they provide valuable hypotheses
with regard to resource accountability and management [7,37]. Therefore, this study aimed
to develop a systems framework in which metals could be quantitatively measured in the
long term for future resource availability as a measure of supply risk. Critical issues of
physical scarcity and sustainability were addressed.

From this study, it was found that the ultimate recoverable reserves of copper and
iron are unlikely to constrain long-term resource supply. However, the annual production
rate and technological advancement of mining will influence the trajectory of resource
supply. The future demand and consumption of copper and iron are expected to increase
from their current levels due to metal application. As the mining supply rises to support
the consumption sectors, mining production will eventually peak. This would require
an increase in secondary production to support the availability of resources. Primary
copper production is expected to remain the main source of copper, while secondary iron
production will become the main source of iron by 2070.

On the demand side, the consumption sectors of these metals as a function of the per
capita GDP are the driving factors of material flow in the systems. Their IU was determined
to delineate the share of material consumption per sectorial use.

The modeling framework presented in the study provides a foundational basis for a
quantitative framework that could be extended to a multivariable study of environmental
footprints, such as carbon emissions and energy consumption and their associated roles
that could likely lead to restrictions in future resource supply. Furthermore, as a limita-
tion to the model to improve this study, future analysis accounting for metal substitution
and other factors (economic, social, or economic) in the systems framework would pro-
vide a detailed scenario of systems interaction that would enable policy planning for a
sustainable environment.

Finally, the application of the mining histories of metals convey an understanding of
the material balance in metal supply by providing resource stakeholders with provisional
forecast estimates of future quantities. However, the underlying issue of linking material
extraction and consumption to the environment requires extensive debate on mining
sustainability. As such, these long-term trends intend to create a balance between the
resources we need today and those required in the future.
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