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Abstract: Securing stable material supply is of paramount importance since materials are fundamental
to the economy and human well-being. The domestic production to consumption ratio has
conventionally been utilized as a main index for external dependency in terms of material supply
security and its criticality. However, the conventional approach confines its application to raw
materials, which potentially risks reaching short-sighted conclusions in the policy-making process.
Beyond the conventional analysis of external dependency, the development of a more applicable
approach for every material is of paramount importance to consider the diversification of external
dependency more comprehensively and to aid the analysis of overall material criticality. As such,
this paper establishes a new methodology for analyzing external dependency related to every material
and product by using the concept of total material requirement (TMR). Applying the methodology,
the external dependency of sulfuric acid production in Japan is evaluated as a case study. Previously
unexamined elements associated with external dependency in the conventional approach are revealed
by this new comprehensive approach. The new approach may be of use to policymakers in designing
more sophisticated and well-grounded material securement policy.
Keywords: external dependency; total material requirement; country concentration; supply risk;
criticality; mining

1. Introduction
In recent decades, the acceleration of industrialization in emerging and developing nations and the
rapid expansion of the world’s population have dramatically affected the global material landscape [1].
Global material consumption increased by approximately 60% from 1990 to 2009, exceeding 70 Gt
per year [2]. On the basis of historical trends, material demand is expected to continue to increase
in the future [3]. Securing a stable material supply is of paramount importance, since materials
are fundamental to the economy and human well-being, and their utilization and production have
important impacts on the environment.
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Raw materials have been widely highlighted in the criticality assessment for securing material
utilization. Given that the nature of raw material criticality is equivocal, multi-dimensional indices have
been used for its quantitative evaluation. Among the well-known dimensional combinations are the
two axes of criticality assessment, comprising supply risk and vulnerability to supply disruption [4–6].
There are several research reports additionally including the environmental impact to formulate the
three axes [7–10]. Meanwhile, another promising dimensional combination is developed, comprising
supply risk and economic importance [11–14]. Despite the concept ambiguity, there seems to be an
agreement that raw material criticality assessment is highly associated with the security of material
supply. Other authors have also adopted the security of material supply as a key component in
their own individual frameworks of criticality assessment [15–17]. In fact, the interest in quantitative
analysis on the security of raw material supply has been growing significantly as a research topic.
Rosenau-Tornow et al. quantitatively evaluated supply risk by proposing indicators for market
assessment [18]. Dewulf et al. integrated both regulatory and social aspects in the discussion of supply
disruption risk [19]. Moss et al. developed the concept of security of supply based on both market
factors and political factors to deploy energy technologies [20]. Achzet and Helbig reviewed research
papers on supply risk and identified the related 20 indicators [21].
For the evaluation of raw material supply risk, the severe dependency on foreign countries
for raw material production is particularly focused on as a key factor in most research reports [21].
Most industrialized economies are critically reliant on continuous supplies of raw material imported
from overseas due to scarce domestic deposits [22], which has increasingly shifted the balance between
the supply and demand of raw materials [18,23]. Under the current landscape of raw material
supply, for some materials, mining production is significantly concentrated in a small number of
nations, and in some cases the vulnerability of political stability is seen as a critical concern [24].
Furthermore, regulation of mining and production may be tightened due to the social, economic,
and ecological issues in the raw material mining nations and areas [25]. These factors potentially lead
to the threat of supply disruption. In fact, the country concentration in production with the inclusion
of a political instability index has been the most frequently selected indicator among the various
proposed indicators [8,11,18,26].
In addition to the supply-side concentration of raw material producers, the demand-side risk
of dependency on imports of various raw materials has been also considered. Several countries and
regions such as the United States, Japan, and the EU [15,27,28] have undertaken evaluations of their
raw material dependency. The analysis of external dependency of a given country is essential to
understanding the mechanism of security of material supply more practically.
The basic concept of evaluating external dependency is developed based on the calculation of
raw material production and consumption, particularly associated with mining, in the importing
countries. The interest of research has reached the stage of applying raw material criticality assessment
to the analysis of complex products such as cars [29]; however, this approach cannot be simply applied
to down-stream materials and commodities. At every step of the supply chain for manufacturing
materials and products from mining outputs, a significant amount of other materials and energy is
utilized in the intermediate processes. There is a high probability that these materials and energy and
even the processes themselves will be supplied or undertaken by third-party countries. Given that
these overall processes are inevitable for the production of commodities, the external dependency
arising from the intermediate processing has to be taken into account in the same way as the country
concentration associated with mining production. Different from the conventional analysis of external
dependency, the development of a more encompassing approach for every material is of paramount
importance to consider the diversification of external dependency more comprehensively and to aid
the analysis of overall material supply security.
An appropriate index needs to be chosen for the evaluation of material circumstances and supply
security. There are several reported indices such as the concentration of carbon dioxide or sulfur dioxide
emissions for material supply, as well as the aforementioned production quantity [30]. In this paper,
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total material requirement (TMR) is proposed as a more encompassing material intensity associated
with mining [31,32]. TMR involves the evaluation of the hidden flows arising from non-economic
activities as well as direct and indirect inputs arising from economic activities. TMR has been
assessed at every material level, including phosphorus [33–35], steel [36], ethylene [37], aluminum [38],
platinum [39] and fossil fuels [40]. Every material, even that which requires complicated processes,
can be disaggregated by introducing the concept of TMR [30]. This TMR assessment at every material
level makes it possible to trace back origins of other materials and energy utilized in the intermediate
processes. The origins associated with material production include both the mining nations and
those that contribute to indirect material requirements and hidden flows to process raw materials.
These characteristics of TMR assessment enable it to be applied effectively to the concept of external
country dependency for every material.
It must be mentioned that the idea of accounting for all involved materials through tracing
back manufacture processes has been already developed as material flow analysis (MFA). One of the
major streams is economy-wide MFA (EW-MFA) to monitor the material utilization at the national
level. The concept of TMR has been employed in EW-MFA to synchronically evaluate international
comparison of material consumption in the course of economic development [41]. Low level of
disaggregation of material category including biomass, fossil fuels, metals, and non-metals is assessed
in EW-MFA on a TMR basis as a top-down approach [42,43]. Meanwhile, TMR has been scarcely
utilized in MFA on a product level as a bottom-up approach.
In the raw material criticality assessment, environmental impacts have been also widely
considered [44,45] on the basis of life cycle impact assessments (LCIA) [46,47]. Finnveden et al.
summarize three areas of protection in LCIA, comprising human health, natural environment and
natural resources [48]. These main components in LCIA are quantified in the form of ReCiPe endpoints
(one of LCIA methods) [49], which are utilized as integrated indicators of environmental impacts in
the raw material criticality assessment by evaluating the inevitable consequences of environmental
system [8]. Particularly, given that mining sites are vitally related to external dependency in raw
material criticality assessment as mentioned above, environmental impacts arising from mining
activities have to be carefully taken into account as follows. First, mining activities require energy input,
causing various environmental issues such as global warming resulting from carbon emissions [50].
Second, vice-generative mine waste consisting of waste rocks, tailings and slags releases suspended
particulates into the environment [51] and causes chemical toxicity issues due to oxidation [52]. Third,
mining activities change the land and alter the ecological system through deforestation, pathogen
introduction and biodiversity mitigation [53]. These environmental consequences from mining
activities overlap with several components of ReCiPe midpoints; climate change, water use, fossil
resource scarcity, fine particular matter formation, photochemical oxidation formation, human toxicity
and land use.
In contrast to environmental indicators evaluating the consequences of a system, the potential
magnitude of the cause has been scarcely taken into account. The only reported indicator in
criticality assessment for evaluating the magnitude of the cause is carbon emissions [54]. In addition,
the particular elementary flows newly described in ecoinvent are not fully evaluated from the
viewpoint of mining activities in current LCIA methods [55]. Given that the degree of the aforementioned
environmental impacts arising from mining activities are determined by the magnitude of ore grades
and depth [56,57], the concept of TMR can be employed as a new indicator for evaluating environmental
impacts arising from mining activities.
As mentioned above, the production and import quantities have been conventionally employed
as the main index for the discussion of external dependency. However, the conventional approach
confines its application to raw material, which potentially risks reaching a short-sighted conclusion in
the policy making process. In contrast, the proposed comprehensive approach based on the concept of
TMR can be applied to every material and product. In addition, it is expected that the utilization of
this new approach would assist in revealing the hidden elements associated with external dependency
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Based on the construction of the generic process flow, the calculation of every product’s TMR
Based on the construction of the generic process flow, the calculation of every product’s TMR will
will be initiated. In the case where the specific TMR of the assessed-specified product has already
be initiated. In the case where the specific TMR of the assessed-specified product has already been
been reported, the quantity on a TMR basis can easily be calculated with Equation (1). On the other
reported, the quantity on a TMR basis can easily be calculated with Equation (1). On the other hand,
hand, in the case where the TMR of the assessed-specified product has not yet been reported, the
in the case where the TMR of the assessed-specified product has not yet been reported, the quantity
quantity on a TMR basis has to be directly computed. The calculation method for quantity on a
TMR basis is illustrated below. Firstly, the total quantity of both input materials and output
products is defined as and , expressed in the following equation.
=

(2)
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on a TMR basis has to be directly computed. The calculation method for quantity on a TMR basis is
illustrated below. Firstly, the total quantity of both input materials and output products is defined as I
and M, expressed in the following equation.
I=

∑ Ij

(2)

∑ Mk

(3)

j =1

M=

k =1

Subsequently, the specific TMR of each input material (Ij ) is described in the form of S j , and the
total quantity on a TMR basis of input materials (T) is computed in the following equation.
T=

∑

S j × Ij



(4)

j =1

In the case where only one product is generated through the process, the specific TMR of this
product can be obtained by dividing the computed T by the quantity of this product. In the case
of multiple products generated through the process, an appropriate allocation of computed total
quantity on a TMR basis to each product obtained should be applied to determine the specific TMR.
Proposing various allocation methods in life cycle assessment [58], this study applies economic
allocation, considering the respective monetary values of products since the material value would be a
major incentive for mining activities. The unit price of each product is described in the form of Pk and
the total price of obtained products is computed using the following equation.
Total Price o f obtained products =

∑ ( Mk × Pk )

(5)

k =1

The allocation rate for each product is described in the form of rk , which is determined based on
the total price of obtained products as follows.
rk =

Mk × Pk
∑k=1 ( Mk × Pk )

(6)

It must be noted that the quantity to be allocated is computed by subtracting the total quantity of
products from the total quantity on a TMR basis of input materials. The quantity to be allocated to
product k is expressed in the form of Tk0 , which is obtained in the following equation.
Tk0 = ( T − M) × rk

=

∑

j =1



S j × Ij −

∑ Mk

k =1

!

×

Mk × Pk
∑k=1 ( Mk × Pk )

(7)
(8)

Finally, the quantity on a TMR basis of the product k described as Tk is computed in the
following equation.
Tk = Tk0 + Mk
(9)
!

Mk × Pk
= ∑ S j × I j − ∑ Mk ×
+ Mk
(10)
∑k=1 ( Mk × Pk )
j =1
k =1
After obtaining the quantity on a TMR basis of each product, the analysis of external dependency
is then addressed.
The required data are the quantity of product and material produced by country of origin.
Based on the data collection, the quantity on a TMR basis of product by country c described as Tk, c can
be computed using the following equation.
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Tk, c =

∑



S j × Ij, c −

j =1

∑ Mk, c

!

×

k =1

Mk, c × Pk
+ Mk, c
∑k=1 ( Mk, c × Pk )

(11)

The quantity on a TMR basis by associated countries (Tk, c ) corresponds to the breakdown of
quantity on a TMR basis of the product (Tk ), expressed in the following equation.
Tk =

∑ Tk, c

(12)

c =1

The explanation of both subscripts and abbreviations is summarized in Table 1.
Table 1. Summary of subscripts and abbreviations.
Content
Number of input materials
Number of output products
Producing country
Quantity of input material
Quantity of output product
Quantity on a TMR basis
Specific TMR
Unit price of product
Allocation rate

Subscript/Abbreviation
j
k
c
I
M
T
S
P
r

Unit
kg, L, m3
kg, L, m3
kg-TMR
kg-TMR/kg, kg-TMR/L, kg-TMR/m3
$/kg
-

3. Results and Discussion
This research paper focuses on sulfuric acid manufactured in Japan as a case study analyzing
external dependency based on the developed methodology.
Japan is well-known as a resource-poor country, with critical dependency on resource imports [59].
The strategy of supply risk mitigation due to this high external dependency for materials has been
seen as a critical issue in Japan [60]. As such, Japan is considered to be an appropriate country for
this analysis.
In addition, there are several available techniques for producing sulfuric acid such as sulfur
combustion, metal sulfide roasting and smelting, pyrite roasting, sulfuric acid regeneration, metal
sulfate roasting, as well as combustion of H2 S or other sulfur-containing gases [61]. In particular,
the utilization of by-product SO2 gas from the smelting process of non-ferrous metals such as copper,
hereafter referred to MSRS, contributes to approximately 80% of sulfuric acid production in Japan,
while the rest of sulfuric acid production is covered by the utilization of sulfur by-product from the
desulfurization process of crude oil, hereafter referred to SC [62]. On the other hand, MSRS and SC
contribute approximately to 30% and 60%, respectively, of global sulfuric acid production [63], which
presents the opposite trend in Japan. In addition, although sulfuric acid can be also produced from
natural gas through hydrogen sulfide, Japan cannot rely on this process since only liquefied natural gas
is imported. Although sulfuric acid is not apparently related to ores, there is a significant interaction
with smelting non-ferrous metals that have been analyzed from the viewpoint of criticality. As such,
sulfuric acid production in Japan is considerably unique and is associated with mineral criticality.
It should be noted that the case study excludes secondary resources (recycling). In addition,
the analyzed year is 2007.
3.1. Electricity Generation
Before analyzing the manufacturing process of sulfuric acid, the specific TMR of electricity has to
be individually computed. This is because electricity is a major component of determining the external
dependency of sulfuric acid, utilized for direct input in the process of sulfuric acid production as well
as for the operation of machinery.
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Electricity was generated from many sources in 2007 in Japan, comprising oil, coal, natural
gas, hydro, and nuclear. As its share was merely 1%, the electricity generated by non-hydropower
renewables is ignored for simplicity in this study.
The data for electricity generation by source were obtained from The Federation of Electric Power
Company in Japan [64]. The data on imported oil, natural gas, and coal by country were obtained from
UN Comtrade [65]. In addition, the data on the specific TMR of electricity generation by oil, natural
gas, coal,
obtained from NIMS-EMS [66]. Following this report, it is assumed
Minerals
2018,and
8, x nuclear
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Energy Source
Share in Energy Mix (%)
Oil
Energy Source
Share in13
Energy Mix (%)
Natural gas
28 13
Oil
Natural gas
Coal
25 28
Coal
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26 25
Nuclear
26
Hydro
8 8
Hydro

Specific TMR (kg-TMR/kWh)
Specific TMR1.738
(kg-TMR/kWh)
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1.738
0.310
4.761
4.761
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0.454
00

Based on the electricity generation per year by source, its quantity on a TMR basis by source
Based on the electricity generation per year by source, its quantity on a TMR basis by source can
can be calculated. The share of electricity generation source in both quantity and quantity on a TMR
be calculated. The share of electricity generation source in both quantity and quantity on a TMR basis
basis is shown in Figure 2. The development of a well-diversified electricity grid mix has been
is shown in Figure 2. The development of a well-diversified electricity grid mix has been considered in
considered in Japan, especially since the oil shock in the 1970s. In an attempt to be less reliant on
Japan, especially since the oil shock in the 1970s. In an attempt to be less reliant on foreign imports
foreign imports of oil and to reduce GHG emissions, nuclear power was developed significantly.
of oil and to reduce GHG emissions, nuclear power was developed significantly. The increase in the
The increase in the share of nuclear power generation delivered an improvement of diversification
share of nuclear power generation delivered an improvement of diversification in the electricity mix.
in the electricity mix. Meanwhile, diversification on a TMR basis is critically jeopardized compared
Meanwhile, diversification on a TMR basis is critically jeopardized compared to the case of the share
to the case of the share in electricity generation. The process of generating electricity by using coal
in electricity generation. The process of generating electricity by using coal requires much greater
requires much greater material inputs, which contributes to the low diversification on a TMR basis.
material inputs, which contributes to the low diversification on a TMR basis.
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In addition, corresponding to the dominant share of coal on a TMR base, several countries
from where Japan imports coal cannot be simply ignored in terms of external dependency. Both
China and the Russian Federation are not ranked in the top 10 countries associated with electricity
generation in Japan by quantity. In contrast, China is ranked 3rd, while the Russian Federation is
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Table 3. Share by country associated with electricity generation in Japan in both quantity and quantity
on a TMR basis.
Electricity Generation
Ranking

Country

Quantity on a TMR Basis
Share (%)

Ranking

Country

Share (%)

1
Australia
25.9
1
Australia
46.9
Indonesia
9.36
2
Indonesia
14.1 8 of 20
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Figure
MSRS.

Copper matte is obtained from processing mined copper ores with a number of other input
streams, such as SiO2, coal, heavy oil, and electricity used as input in the matte production process.
The obtained copper matte is then converted into crude copper with SiO2, coal, oxide, electricity,
and copper scrap as secondary sources. SO2 is generated as a by-product from both matte
production and convesion to be utilized for sulfuric acid production.
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Copper matte is obtained from processing mined copper ores with a number of other input
streams, such as SiO2 , coal, heavy oil, and electricity used as input in the matte production process.
The obtained copper matte is then converted into crude copper with SiO2 , coal, oxide, electricity,
and copper scrap as secondary sources. SO2 is generated as a by-product from both matte production
and convesion to be utilized for sulfuric acid production.
The data of specific TMR for copper ore [71], coal and heavy oil [66], and SiO2 [66] are available.
The TMR of electricity is computed in Section 3.1. However, the specific TMR of SO2 , copper matte,
and crude copper has not been reported previously. Both quantity on a TMR basis and specific TMR
for copper matte and crude copper are calculated considering allocation based on a monetary unit.
The prices of SO2 , copper matte, and crude copper have been assumed to be 200 $/t, 3600 $/t and
7200 $/t, respectively, based on JEMAI [70].
Utilizing these, the specific TMR of sulfuric acid arising from the process of both matte production
and conversion can be computed. The overall specific TMR of sulfuric acid based on MSRS is obtained
by the following equation.
Ssul f uric acid MSRS =

∑2k=1 Tsul f uric acid MSRS , k

(13)

∑2k=1 Msul f uric acid MSRS , k

where k is the MSRS process (k = 1: matte production; k = 2: conversion).
The results are shown in Table 4.
Table 4. Quantity on a TMR basis, and specific TMR for sulfuric acid based on both matte production
and conversion, and TMR for overall sulfuric acid under MSRS.
MSRS Process

Quantity (kg)

Quantity on a TMR
Basis (kg-TMR)

Specific TMR
(kg-TMR/kg)

Sulfuric acid based on matte production
Sulfuric acid based on conversion
Sulfuric acid by the MSRS

1.66
1.00
-

17.1
7.03
-

10.3
7.01
9.05

The data for the country share associated with every input material and product are required for
the assessment. SiO2 , other oxides and water used as inputs are entirely obtained in Japan, while many
foreign countries are involved in the production of copper ore, coal, heavy oil, and electricity [70].
The data on imported copper ore, coal, and heavy oil by country were obtained from UN Comtrade [65].
The quantity on a TMR basis for electricity by country is obtained in Section 3.1. By integrating the
country share of every component, the share by country associated with sulfuric acid by the MSRS in
Japan on a TMR basis is computed.
3.2.2. Sulfur Combustion (SC)
The method of sulfur combustion, hereafter referred to SC, uses the sulfur from the oil refining
process. Sulfur is generated through the process of oil refining from heavy oil with electricity and
steam inputs. Crude oil is also required for oil import transportation. Other than sulfur, naphtha,
liquefied petroleum gas (LPG), gasoline, kerosene, diesel, and heavy oil are products. Subsequently,
the combustion of obtained sulfur is carried out to produce sulfuric acid in a secondary process.
The flow of producing sulfuric acid through the SC is shown in Figure 4.
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flow of producing sulfuric acid through the SC is shown in Figure 4.

Figure 4. The flow of sulfuric acid production by the SC.
Figure 4. The flow of sulfuric acid production by the SC.

The specific TMR data of heavy oil and crude oil were obtained from NIMS-EMS Material Data [66].
The specific TMR data of steam were obtained from the Wuppertal Institute [72]. The specific TMR of
electricity is computed in Section 3.1. In addition, the average distance for oil import transportation is
assumed to be 10,800 km [73]. The data on required fuel for transportation were obtained from the
Wuppertal Institute [72]. Both quantity on a TMR basis and specific TMR for the obtained sulfur are
calculated based on the price of sulfur, naphtha, LPG, gasoline, kerosene, diesel, and heavy oil [70].
The calculation of specific TMR of sulfuric acid is then undertaken. The specific TMR of water is
assumed to be 1 kg/kg. Here, 0.328 kg of obtained sulfur and 0.672 kg of water is required to produce
1 kg of sulfuric acid. As such, both quantity on a TMR basis and specific TMR for sulfur and sulfuric
acid can be obtained. The results are given in Table 5.
Table 5. Quantity on a TMR basis, and TMR for sulfur and sulfuric acid under SC.
SC Process

Quantity (kg)

Quantity on A TMR
Basis (kg-TMR)

Specific TMR
(kg-TMR/kg)

Sulfur by SC
Sulfuric acid by SC

0.195
1.00

0.406
1.36

2.08
1.36

Pertaining to external dependency, steam and water are completely domestic, while many foreign
countries are involved in the production of heavy oil, crude oil, electricity, sulfur and sulfuric oxide.
The data on imported copper ore, coal, and heavy oil by country were obtained from UN Comtrade [65].
Quantity on a TMR basis of electricity by country is calculated in Section 3.1. Based on the country
share data, quantity on a TMR basis by country can be obtained for both sulfur and sulfuric oxide.
3.2.3. Overall Sulfuric Acid
TMR of sulfuric acid based on both MSRS and SC was computed. TMR of overall sulfuric acid
can be obtained by integrating these main two flows. As mentioned above, the share of MSRS and SC
in Japan is 80% and 20% respectively [62]. The specific TMR of overall sulfuric acid can be calculated
via the following equation.
Ssul f uric acid = Ssul f uric acid MSRS × 0.8 + Ssul f uric acidSC × 0.2

(14)

Based on this evaluation, the specific TMR of overall sulfuric acid in Japan is 7.56 kg-TMR/kg.
The country share on a TMR basis can also be obtained. The results are shown in Figure 5. Chile
contributes to 38% of external dependency in Japan, followed by Indonesia (13%), Peru (13%), Australia
(9%), and Canada (7%). Due to the high share of MSRS, it can be observed that the result is highly
linked to the crude copper share by country in Japan. The established approach can reveal the external
dependency for any material and product which has been previously difficult to quantify based on the
conventional approach.
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3.2.4. Sensitivity Analysis

3.2.4.As
Sensitivity
presentedAnalysis
in Section 3.2.4, the specific TMR of overall sulfuric acid was computed based on
the established methodology by employing economic allocation. It must be noted that the monetary
As presented in Section 3.2.4, the specific TMR of overall sulfuric acid was computed based on
value potentially fluctuated depending on the shift of the material landscape. In order to identify
the established methodology by employing economic allocation. It must be noted that the monetary
the influence of the uncertainties of monetary value on the determination of the specific TMR of
value potentially fluctuated depending on the shift of the material landscape. In order to identify the
overall sulfuric acid, this section conducts a sensitivity analysis. Each monetary value for copper
influence of the uncertainties of monetary value on the determination of the specific TMR of overall
matte, crude copper, SO2, naphtha, LPG, gasoline, kerosene, diesel, heavy oil, sulfur is changed by
sulfuric acid, this section conducts a sensitivity analysis. Each monetary value for copper matte, crude
between −30% and 30% to observe the transition of respectively computed specific TMR of overall
copper, SO2 , naphtha, LPG, gasoline, kerosene, diesel, heavy oil, sulfur is changed by between −30%
sulfuric acid production. For the proportion of MSRS to SC, in addition to the trend in Japan, the
and 30% to observe the transition of respectively computed specific TMR of overall sulfuric acid
world trend is also assessed.
production. For the proportion of MSRS to SC, in addition to the trend in Japan, the world trend is
The result of the sensitivity analysis is given in Figure 6. In Japan, the SC-related elements
also assessed.
including naphtha, LPG, gasoline, kerosene, diesel, heavy oil, and sulfur hardly affect the specific
The result of the sensitivity analysis is given in Figure 6. In Japan, the SC-related elements
TMR of overall sulfuric acid due to less weight of its share and less value of specific TMR on a SC
including naphtha, LPG, gasoline, kerosene, diesel, heavy oil, and sulfur hardly affect the specific TMR
basis. On the other hand, the MSRS-related elements including copper matte, crude copper and SO2
of overall sulfuric acid due to less weight of its share and less value of specific TMR on a SC basis.
are more sensitive. Particularly, the increasing monetary value of SO2 causes the increase in the
On the other hand, the MSRS-related elements including copper matte, crude copper and SO2 are more
specific TMR of overall sulfuric acid, while for copper matte and crude copper, it shows the
sensitive. Particularly, the increasing monetary value of SO2 causes the increase in the specific TMR of
opposite tendency. In the case of the world where the share of SC is much greater than MSRS, the
overall sulfuric acid, while for copper matte and crude copper, it shows the opposite tendency. In the
sensitivity trend overlaps with the case in Japan. It is discovered that the uncertainties of monetary
case of the world where the share of SC is much greater than MSRS, the sensitivity trend overlaps with
value for SC-related elements scarcely affect the specific TMR of overall sulfuric acid regardless of
the case in Japan. It is discovered that the uncertainties of monetary value for SC-related elements
the share between MSRS and SC.
scarcely affect the specific TMR of overall sulfuric acid regardless of the share between MSRS and SC.

Figure 6. Sensitivity analysis of specific TMR of overall sulfuric acid.
Figure 6. Sensitivity analysis of specific TMR of overall sulfuric acid.
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materials
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Through the case study, it is observed that the established approach can be applied to various
materials and products. In addition, the hidden elements associated with external dependency in
the conventional approach can be revealed by this comprehensive approach based on the concept of
TMR. In this section, the specific TMR and external dependency of sulfuric acid in Japan are
diachronically monitored 2001–2014 corresponding to the transit of compositions. Based on the
diachronic analysis, the parametric analysis of both environmental impacts and external
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products. In addition, the hidden elements associated with external dependency in the conventional
approach can be revealed by this comprehensive approach based on the concept of TMR. In this
section, the specific TMR and external dependency of sulfuric acid in Japan are diachronically
monitored 2001–2014 corresponding to the transit of compositions. Based on the diachronic analysis,
the parametric analysis of both environmental impacts and external dependency associated with
sulfuric acid production in Japan on a TMR basis is conducted under various conditions of both MSRS
and SC.
The sulfuric acid production share in Japan has been changed as presented in Figure 7 based
on [74]. While the share of MSRS was 68% in 2001, it has constantly increased to reach 82% in 2014.
Given that there are many non-ferrous smelting factories including copper, zinc and lead in Japan,
the
share
of MSRS
greater
than that of SC. Particularly, the copper production in Japan has increased
Minerals
2018,
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decades.
The share by country associated with sulfuric acid in Japan on a TMR basis in 2001–2014 is also
obtained, given in Figure 9. A significant shift of the country share of sulfuric acid production in Japan
is not observed in recent decades. Since MSRS is dominant in Japan, the origin of copper supply is
primarily listed. The country share on a TMR basis not only indicates the external dependency of
sulfuric acid production in Japan but delivers the environmental and social implications. Particularly,
TMR can be specifically utilized for the evaluation of localized environmental impact in comparison
with the non-localized impact such as the concentration of carbon dioxide. This is because the spatial
sphere of environmental impacts from mining is mostly local [75]. Furthermore, these localized
environmental impacts result in the conflict of land use by the local community [76]. The greater
magnitude of mining activities increasingly induces social issues, including aesthetic impacts and
psychological resistance [53]. As such, the analysis of external dependency on the TMR basis could
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from mining activities associated with sulfuric acid production in Japan have increased in recent
quantitatively reveal environmental and social responsibilities which the manufacturing nation has to
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take for associated countries.
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Subsequently, based on Figure 9, the share of Japan on a TMR basis is focused on to express
Subsequently, based on Figure 9, the share of Japan on a TMR basis is focused on to express
self-sufficiency of sulfuric acid production in Japan, since self-sufficiency is a major indicator for
self-sufficiency of sulfuric acid production in Japan, since self-sufficiency is a major indicator for
evaluating external dependency. The result is presented in Figure 10. Given that self-sufficiency is
evaluating external dependency. The result is presented in Figure 10. Given that self-sufficiency is
determined by the calculation of specific TMR, it is correlated with the trend of specific TMR of
determined by the calculation of specific TMR, it is correlated with the trend of specific TMR of sulfuric
sulfuric acid given in Figure 8. Self-sufficiency of sulfuric acid production in Japan on a TMR basis
acid given in Figure 8. Self-sufficiency of sulfuric acid production in Japan on a TMR basis constantly
constantly decreased from 7.26% in 2001 to 5.76% in 2014. This trend indicates that the increasingly
decreased from 7.26% in 2001 to 5.76% in 2014. This trend indicates that the increasingly use of MSRS
use of MSRS decreases self-sufficiency on a TMR basis. Furthermore, it can be said that the
decreases self-sufficiency on a TMR basis. Furthermore, it can be said that the self-sufficiency of sulfuric
self-sufficiency of sulfuric production in Japan on a TMR basis is considerably low. It has been
production in Japan on a TMR basis is considerably low. It has been widely considered that there is little
widely considered that there is little vulnerability of external dependency on sulfuric acid supply
vulnerability of external dependency on sulfuric acid supply on a mere quantity basis. This is because
on a mere quantity basis. This is because domestic sulfuric acid production is much greater than the
domestic sulfuric acid production is much greater than the amount of import, and self-sufficiency on
amount of import, and self-sufficiency on a quantity basis is nearly 100%. In fact, 6,980,000 tons of
sulfuric acid were domestically produced in Japan, while only 413 tons were imported from foreign
countries such as Taiwan in 2010 [77]. The conducted case study provides the possibility of
vulnerable self-sufficiency on a TMR basis of a certain product which is superficially secured from
the perspective of external dependency.
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a quantity basis is nearly 100%. In fact, 6,980,000 tons of sulfuric acid were domestically produced
in Japan, while only 413 tons were imported from foreign countries such as Taiwan in 2010 [77].
The conducted case study provides the possibility of vulnerable self-sufficiency on a TMR basis of a
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Political risk diversification =
Political risk diversification =

∑ pic tic 2

(15)
(15)

where pic is the political risk of foreign country c in year i, tic is the share of foreign country c in sulfuric
is the political risk of foreign country c in year i,
is the share of foreign country c in
where
acid production on a TMR basis in Japan in year i
sulfuric acid production on a TMR basis in Japan in year i
The quantitative scale of external dependency is 0–1. A higher self-sufficiency and lower country
The quantitative scale of external dependency is 0–1. A higher self-sufficiency and lower
concentration correspond to less external dependency, while a greater specific TMR corresponds to
country concentration correspond to less external dependency, while a greater specific TMR
more environmental impacts. The rate of MSRS is changed from 0 to 1. The parametric analysis is
corresponds to more environmental impacts. The rate of MSRS is changed from 0 to 1. The
conducted based on the data in 2007. Then, self-sufficiency, political risk diversification and specific
parametric analysis is conducted based on the data in 2007. Then, self-sufficiency, political risk
TMR of sulfuric acid in Japan on a TMR basis are computed under the various combinations between
diversification and specific TMR of sulfuric acid in Japan on a TMR basis are computed under the
MSRS and SC. The result is shown in Figure 11.
various combinations between MSRS and SC. The result is shown in Figure 11.
Self-sufficiency is exponentially increased with a decreasing MSRS rate. In the case of 100% of
SC, self-sufficiency reaches 73.9% on a TMR basis, while in the case of 100% of MSRS, it is only 4.2%
on a TMR basis. Subsequently, by increasing the rate of MSRS, political risk diversification worsens,
from 0.037 under 0% of MSRS to 0.215 under 100% of MSRS. In the research on raw material
criticality, Rosenau-Tornow et al. considered a country concentration of greater than 0.15 to be
critical [18]. According to their defined threshold, sulfuric acid produced by more than 50% of
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TMR of sulfuric acid is linearly increased when increasing the rate of MSRS. The specific TMR of
sulfuric acid in Japan is 1.36 kg-TMR/kg under 0% of MSRS, while it is 9.05 kg-TMR/kg under 100%
of
MSRS.
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in the specific TMR of overall sulfuric acid production with decreasing monetary value of both copper
matte and crude copper pointed out through the sensitivity analysis, the expected financial crisis may
deteriorate external dependency on sulfuric acid production.
The production of sulfuric acid in the future has to be carefully dealt with. The increase in global
population requires much more food production. Higher food production accelerates the consumption
of fertilizer. Given that most sulfuric acid is utilized for fertilizer, the demand of sulfuric acid is highly
expected to exponentially increase. In addition, sulfuric acid is utilized instead of gravity concentration
to increase the grade of non-ferrous metal including nickel. Subsequently, solvent extraction and
electrowinning (SX/EW) are widely utilized for smelting lower-grade non-ferrous ores, which require
a large amount of sulfuric acid [79]. Particularly in China, double the amount of sulfuric acid has been
produced in the last decade. Considering the potential expansion of copper demand and the transition
from fossil fuels to renewables, the global share of MSRS would potentially increase.
4. Conclusions
This paper has established a novel methodology for analysis of external dependency in terms of
material criticality. This developed methodology can be utilized for external dependency analysis of
any material or product. The concept of TMR has been applied as a more generic index beyond the
conventional approach that uses only raw material supply. Following the established methodology,
the external dependency of sulfuric acid in Japan was evaluated as a case study. In the case study,
self-sufficiency and political risk diversification on a TMR basis are assessed as indicators of external
dependency, while specific TMR is computed to quantify the environmental impacts arising from
mining activities associated with sulfuric acid.
It should be mentioned that the hidden elements associated with external dependency in the
conventional approach can be revealed by the established approach based on the concept of TMR.
This approach could even be useful to identify the impacts of materials which contribute to only a small
composition of a given product. Additionally, the developed algorithm to conduct the comprehensive
analysis on the external dependency of every material can be readily implemented in any country
confronting the issue of material securement and can be applied to material criticality assessment.
The security of material supply arising from external dependency is a driving force for material
securement policy. This new approach may be of use to policymakers in designing a more sophisticated
and well-grounded material securement policy.
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