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Abstract:

The aim of this work is to assess the feasibility of asteroid exploitation as a potential source of valuable
elements for a future green energy society and achieving a long-term sustainable development of our society.
This research is based on the compilation of chemical data of elements concentration of 13 groups of iron
meteorites from literature. These data were used to feed mathematical models to fit the historical world
production data of each element and predicts the peak year and the future trend of their world production until
2100. Eventually, this work aims to calculate the required mass of asteroids for reaching different productions,
and identify the most suitable groups of iron meteorites for exploitation.
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1. Introduction

In recent centuries, due to the development of science, technology and medical level, the human
population has grown rapidly, according to the calculation of “World Population Prospects: The
2017 Revision” by the Population Division of the United Nations Department of Economic and
Social Affairs, the population of the world is expected to increase about 83 million per year,
reaching 8.6 billion in 2030, 9.8 billion in 2050, and 11.2 billion in 2100 if the fertility rate
continue to increase (United Nations, 2017). Along with population growth comes greater demand
and higher consumption of the resources. The global warming problem which is caused by burning
fossil fuels is undoubtedly a huge problem. But rare minerals and metals such as we use in smart
phones and chips are also big problems since they are in limited supply. Today, from children to
the elderly, almost every person has their own mobile phones, computers and other electronic
devices, though the supply of some natural resources is hardly to keep its pace to match a growing
population and their demand (Ragnarsdóttir, K.V. 2008).

In view of this situation, it is essential to use scarce resources in a sustainable way. Recycling
could be one solution, however, there still are limits to it. For instance, zinc is used in low
concentrations for galvanizing, and it is difficult to recycle once it is dissipated across the surface
of metals. It could be a promising long-term alternative and somehow imperative to our blueprint of
sustainable future, it is still not efficient (Ragnarsdóttir, K.V. 2008).

Development of society and industries has always been dependent on the availability of various
materials providing by mining activities. Especially nowadays, metal mining provides the raw
materials which are needed to provide energy, transportation, and to support modern society. We
are using and producing minerals and metals in greater quantities than ever before. Some metals are
classified as critical metals, especially those used in high technology applications such as solar
photovoltaic (PV), electronic vehicle (EV) and other green technologies. To achieve the sustainable
development goals, the rate of using critical metals has increased strongly in recent decades, the
total global cumulative productions of platinum group elements (PGEs), indium, gallium and rare
earth elements (REEs) are over 80% (Hagelüken et al., 2012).

The story of energy use is a complicated issue. If we generate our energy mainly by burning fossil
fuels, in the short-term, we can increase the efficiency of our energy usage, we can move to cleaner
electric motors. But because we burn fossil fuels in power stations and some resources are
originally rare, that simply moves the issue upstream. But in the long-term, if we aspire to continue
to advance as a civilization, and if we want to give every citizen of the world a quality of life that is
as good as or even better, then we have to find a better way. So what we face is not an energy crisis,
but an energy transition crisis.

Surely, we can extend the use period of the electronic devices through better product design, or
take recycling and reusing ways to decline the usage of our resource, but for elements which
originally rare on earth like rare earth elements and platinum group elements, these ways are not
supposed to be available ways. Also, many critical materials are heavily dominated by one single
producer affecting global market dynamics，for example, 92% Niobium produced by Brazil，59%
Platinum group elements produced by South Africa and 97% Rare earth elements produced by
China (Silberglitt, R.S., Rand, 2013).

Some people claim that the mining companies could mine deeper or try to exploit the ocean floor,
however, these activities themselves will require to spend more precious resource as well (Hall, C.,
et al., 2001). Therefore, we should change the way of thinking and put our eyes into the vast space
rather than restrict on a single planet. The available resources in the solar system might be much
more abundant than those available on Earth. Asteroids and other astronomical bodies might be rich
in nickel and cobalt, some also contain precious metals such as gold, platinum group elements and
rare earth elements.
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Although the rate of exhaustion remains controversial, some researchers predict that the available
supply of some metals will be exhausted in 50 years or less (Sverdrup, H.U et al., 2014). In existing
studies, the cumulative primary production exceeds reserves depletion years are estimated as below
(table.1):

Table.1. Estimated depletion years.

Therefore, the current reserves on Earth may not be enough metals and minerals to tackle future
challenges. These challenges include those related to climate change and maintaining a basic
standard of living and other needs that are outlined in the United Nations Sustainable Development
Goals. In short-term, though recycling, reusing and reducing activities, we can control the current
situation for several years, but to secure the supply of metals in long-term, we need to look beyond.

On April 12nd, 1961, the Soviet astronaut Gagarin became the first human to journey into outer
space. On July 21st, 1969, the American astronaut Armstrong leaving the first human footprints on
the moon. After that, our explorations of deep space have never stopped. With the appearance of
private aerospace companies like SpaceX, the industrialization of aerospace is a matter of time.

Through the analysis of the content of various elements in meteorites samples, we can compare
different groups of meteorites with the concentration of element, especially for platinum group
elements that are originally rare on the earth, so as to assume which groups of meteorites may be
feasible to discuss as the potential value extraterrestrial resources to achieve the Sustainable
Development Goals of United Nations in the future. Currently, there is no law or regulation to
manage the activities in the outer space, this is also a good opportunity to structure the law before
we successfully achieve the technology level.

1.1 Research questions
Currently, our understanding of asteroids comes from the meteorite study. Although humanity has
managed to return samples from asteroids several times, they all belong to stony groups. We still
have very limited knowledge of metallic asteroids. Due to the lack of knowledge and samples, the
estimation and speculation can only briefly show the accessibility of metallic asteroids regarding
current knowledge level.

1. What elements do metallic asteroids contain and how much?

Integrating the element content and concentration data of different iron meteorite samples with the
use of literature review. Then identify the average value and range of different iron meteorite
groups.

2. Are asteroids resources valuable and feasible for future green energy society?

Assessing the most suitable group of the asteroids for exploiting Ni, Co and PGEs in the future
through the analysis of the element contents in different meteorites groups. Comparing the
estimated productions of the most suitable group and the world productions on Earth to identify the
economic feasibility. Also, discussing potential problems of future asteroids exploitation.
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2. Background

2.1 The rational for exploiting extraterrestrial resources
Exploiting extraterrestrial resources sounds like a scene that only appears in science fiction, but in
fact, more and more people have begun to realize the importance of extraterrestrial bodies in terms
of resources. In addition to using extraterrestrial resources as a help for achieving sustainable
development, to explore deep space than ever before and establish settlements beyond the earth,
exploiting the necessary resources in space becomes more critical than ever. These resources can be
used to produce materials and power for spacecraft repair and rocket propulsion, which will also
benefit to realize the establishment of energy charging stations in the outer space.

According to the definition of the World Air Sports Federation 2004, the altitude of 100 kilometres
above the sea level of Earth should be the boundary between the atmosphere of Earth and outer
space, so that the place above that altitude is the outer space. Space resources refer to the general
term of material or non-material resources that can be exploited and utilized for human beings and
obtain economic and other benefits in the outer space environment.

The closest place to exploit extraterrestrial resources for us are in the solar system. The available
resources in the solar system might be much more abundant than those available on Earth. The
moon contains a large amount of titanium metal and helium-3 which is a rare and clean nuclear
power generation material on the earth. On Jupiter and Saturn, there are abundant hydrogen and
helium energy resources (Faure, G. & Mensing, T.M., 2007). Asteroids and other astronomical
bodies might be rich in iron, nickel and cobalt, some also contain precious metals like PGEs
(Goldstein, J.I., 2009). However, we need to admit that we are not entirely sure about them and this
is why identify and investigate the value of extraterrestrial bodies is important. This will be the first
step in our attempt of extraterrestrial exploitation.

2.2 Natural resources within the solar system
The natural resources within the solar system could be divided into gas and ice giant planets, rocky
planets and other astronomical bodies such as the moons, asteroids and comets. Gas and ice giant
planets contain Jupiter, Saturn, Uranus and Neptune. Gas giants are mainly composed of hydrogen
and helium with a rock or ice core. Ice giant mainly composed of hydrogen, helium and methane
gas with icy mantle and ice or rock core (Faure, G. & Mensing, T.M., 2007). (fig. 1.)

Fig. 1. Interior structure of the giant planets in the solar system, open access of NASA/Lunar and Planetary
Institute, 2003.
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A rocky planet is also called terrestrial planet, it is primarily composed of silicate rocks and metals.
Within the solar system, the terrestrial planets are Mercury, Venus, Earth and Mars. The internal
structure of rocky planets are the same, they are composed of core, mantle and crust (Faure, G. &
Mensing, T.M., 2007). Metals are mostly concentrated in the core of them and we actually know
less about them (Fig.2).

Fig. 2. Internal structure of the terrestrial planets. Modified from“Researcher from Hiroshima University
Publishes Findings in Planetary Science (Strength models of the terrestrial planets and implications for their
lithospheric structure and evolution) 2021, NewsRX LLC.”

The meteorites are remnant of planetary formation (Weisberg, M. K., et al., 2006), they come from
the asteroid belt between Mars and Jupiter and some from the Kuiper belt. The chemical
composition of asteroids is known by the study of meteorites. The asteroids are divided as carbon-
rich asteroids, silicate-rich asteroids and metal-rich asteroids based on emission spectrum of
elements (Krot, A.N., et al., 2003). Iron meteorites are thought to represent the core of rocky planets
so that they are very abundant in metals (Goldstein, J.I., 2009).

Exploiting resources from the asteroids might be more feasible in the future. Metal rich asteroids
contain large amounts of PGEs, which is one of the rarest elements on Earth. The industrial uses of
PGEs are very extensive, however, most of the PGEs exist in the metallic core rather than the crust
of Earth. It is also the reason that PGEs are very scarce in the crust of Earth. At market prices today,
these metal rich asteroids could be worth trillions of dollars, which would allow companies to make
a profit in selling space resource (Dallas, J.A., et al., 2020). Now, we figured out the value of
exploiting asteroids. For achieving sustainable development goals, how many asteroids we need to
reach the annual production of countries on Earth is the question for us, and it is also directly
related to the rationality of exploiting them.

2.3 Meteorites
Traditionally, meteorites have been defined as solid bodies of extraterrestrial material that penetrate
the atmosphere and reach the surface of the Earth. Although the academic community has been
studying extraterrestrial objects for decades, we are still lacking of a comprehensive understanding
of extraterrestrial resources. At present, due to the very limited samples from asteroid sample-
return missions, it is impossible to directly use the elemental content data in asteroid samples to
conduct a comprehensive analysis. Also, the specific connection between meteorites and their
parent asteroids or other astronomical bodies is still an unknown filed.

2.3.1 Classification of iron meteorites
Modern classification of meteorites mainly based on their chemical properties, meteorites with
similar chemical characteristics might be originated from the same parent bodies. According to the
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bulk compositions and textures of meteorites, they can be broadly divided into chondrites and
nonchondrites (Krot, A.N., et al., 2003).

The chondrites could be divided into three classes carbonaceous ordinary and enstatite and the
nonchondrites could be divided into primitive and differentiated nonchondrites. For primitive
nonchondrites we know less, for differentiated nonchondrites they could also be divided into
achondrites, stony iron and iron meteorites. In addition, there are special lunar meteorites and
Martian meteorites, which fall to the surface of Earth through impact events (Krot, A.N., et al., 2003)
(Fig. 3).

Fig. 3. Classification of meteorites. Krot, A.N., et al., 2003, “Classification of Meteorites”. Treatise on
Geochemistry.

Compared with chondrites, nonchondrites especially the iron meteorites, which are rich in metallic
elements are most likely suitable targets for sourcing valuable elements. In many iron meteorites,
there are two major minerals kamacite and taenite occur in crystals that interlock in a geometric
pattern called the Widmanstatten pattern. Iron meteorites were first classified according to the
Widmanstatten pattern characteristics until Wasson, J.T. and other modern scientists reclassified
them according to their chemical properties (fig. 4.).

Iron meteorites are Fe-Ni alloys that may also contain minor amounts of the trace elements such as
Ga, Ge and Ir. Over 86% of iron meteorites can be classified to 14 groups based on their chemical
characteristics: IAB, IC, IIAB, IIC, IID, IIE, IIF, IIIAB, IIICD, IIIE, IIIF, IVA, IVB and IIG
(Weisberg, M. K., ET AL., 2006). IIG group is an additional group and still discussed in the
scientific literature (Wasson and Choe, 2009). The remaining 14% are termed anomalous or
ungrouped. (table. 2.)
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Fig. 4. Widmanstatten pattern in iron meteorites.

Table. 2. Characteristics of different iron meteorite groups.
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3. Methods

3.1 Literature review
I combined the data from approximately 200 articles dealing with the chemistry of meteorites in
particular, the concentration of various critical materials, and organize them in table. The aim was
to establish a comprehensive geochemical data set representative of the chemical characteristics of
all the main iron meteorite groups.

I sorted the chemical data according to the latest iron meteorite classification based on Weisberg,
M. K., et al., 2006 and Wasson and Choe, 2009. For some groups I have multiple samples with
sufficient data, but for some groups I have only one set of data and it may be over 50 years old
(Table 3).

Some references mentioned and analyzed different groups of iron meteorite samples with the same
chemical analysis method, some did not mention the analysis method they used. I considered and
checked if the analytical methods were appropriate because I have to filter the data to remove those
that are too old and not accurate later. Expecting those unknown analysis methods, analytical
methods are atomic absorption spectrometry (AAS), Neutron activation analysis (NAA) and
Inductively coupled plasma mass spectrometry (ICP-MS). AAS is most accurate method precise for
major elements, ICP-MS is most accurate method precise for trace elements. Therefore, analyses
falling out of the range of the data and determined using method NAA for trace elements are
discarded.

Due to the different unit that different literature used, I unified that major elements are expressed as
weight % (Wt%), most of the trace element as ppm and PGEs as ppb. Major element occurring in
the crust of the Earth are elements with average concentration greater than 1.0 wt%, in contrast,
trace elements occurs in average concentration less than 0.1 wt% and are expressed as part per
million (ppm) or part per billion (ppb), and 1ppm = 1µg/g. Since some references are relatively old,
they usually do not contain the concept of uncertainty, that means the value of the element
concentration they give is just a number but without a range. In the data collection stage, as the
data resource is limited I kept the data without uncertainties but used them for average calculation
only when their plot in the established range of value.

For IAB and IVA groups, I found three samples for each group, the data covered over 20 elements.
For IC, IIAB, IIC, IID, IIIAB and IIIE groups, each group contains two samples and the data
covered over 14 elements. The remaining IIF, IIG, IIIF, IVB and two ungrouped groups each have
one sample representing the group they belong to. I keep the ungrouped groups at this stage since
they are actually a group of meteorites but unable to be classified with some special reasons for
now.
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Table 3. Overview of data information before the data filtering progress. *Platinum group element

3.2 Data selection
The quality of chemical elements data needs to be assessed to yield a reliable and comprehensive
data set. This involves filtering the data based on several criteria. First, discard the elements that do
not belong to critical elements. Second, for critical elements like manganese (Mn), vanadium (V),
tin (Sn) and scandium (Sc), there were no uncertainties so these elements were not considered any
further. Third, discard the data with uncertainties but larger than 50% since they are too imprecise
to be representative of the content of a given element. Fourth, discard outliers based on the same
rules.

3.2.1 Outlier filtering
This step is to identify if there are data that are significantly different from all the other available
data. Such data are named “outliers” and as such are not representative of the range of content of a
given element.

Some elements have little data from the literature review, for these elements and groups that
contain less data, I add 2 more sigma of uncertainty to the max value and min value for expanding
the range and cover more data within the range. I made plots for all elements of each meteorite
sample to observe whether the data display a limited range of values and whether there are any
outliers, and if so, discard. For example, the data of element Gold (Au) from sample Canyon Diablo
of IAB group. In this plot, the data distribution is very uniform, all data overlap with each other
within uncertainties (Fig. 5).
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Fig 5. The data plot of element Gold (Au) from sample Canyon Diablo of IAB group, X axis represents the
references for the data, unit in ppm.

However, for some meteorite groups, the situation may be different. For example, if the data
corresponding to the content of a given element in a specific group do not have uncertainties, I
cannot identify the range or outliers. This is illustrated by the data of element rhenium (Re) from
sample Bendegó of IC group, so I discard them all (Fig 6.).

Fig 6. The data plot of element rhenium (Re) from sample Bendegó of IC group, X axis represents the
references for the data, unit in ppm.

If the data with unknown uncertainty and located out of the range, then I discard this data. For
example, the data of element gallium (Ga) from sample Canyon Diablo of IAB group (Fig. 7).
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Fig 7. The data plot of element gallium (Ga) from sample Canyon Diablo of IAB group, X axis represents
the references for the data, unit in ppm.

If the data with uncertainty but located out of the range, then I discard this data. For example, the
data of element cobalt (Co) from sample Canyon Diablo of IAB group (Fig. 8).

Fig 8. The data plot of element cobalt (Co) from sample Canyon Diablo of IAB group, X axis represents the
references for the data, unit in wt%.

If the data display 2 distinct sets of data, each forming a consistent range of content, then the data
are further filtered based on the analytical method that is if the method is known to be inappropriate
for the element in consideration. For example, the data of element iridium (Ir) from sample
Steinbach of IVA group (Fig. 9).
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Fig 9. The data plot of element iridium (Ir) from sample Steinbach of IVA group, X axis represents the
references for the data, unit in ppb.

After the outlier filtering progress, available elements decreased and the details for each group
shows below. Also, the sample Cape York of IIIAB group, Kokstad of IIIE group and Butler of
ungrouped group has been discarded (Table 4).

Table 4. overview of data information after data filtering progress. *Platinum group element

3.2.2 Establishing representative range of value and average content
At this stage, estimates of the ranges of content of a given element that includes maximum value
and minimum value can be established, the average amount of a given element can be calculated.
Ultimately, the calculated standard deviation at 2 sigma level, is the final test as it has to fit within
the range estimates.

Since the modeling will be conduct by group later, the data from the samples of the same group are
further averaged, and the average value of each element representing the entire group. When
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calculating the group averages, although the samples belong to the same group, the average values
of element concentration of individual samples are significantly different from the other samples in
the group. In this situation, I select the values from more recent literature based on the publication
date, discarded the other one. For example, there are three samples within IAB group, the average
amounts of Ga of the sample Tazewell are totally different from other samples of this group, so that
the amount of sample Tazewell is discarded, and the remaining two average amounts of other
samples of this group are averaged to represent IAB group. The average results of final calculation
for each group shows below (Table 5).

Table 5. Average amounts for each element and group. *NA=Not available

3.3 Mathematical modeling
For future trend analysis, I choose to model the future mineral production rather than the future
demand since the demand would be driven by more complex variables, such as technology
innovation and commercial policy. In contrast, the production is relatively stable, it would be
influenced by the reserves as long as the mining technology has not been incredibly improved. The
fitting model does not need to be too precise, but might be able to produce the general trend of
world production here on Earth for each element until 2100. Here, I chose the most basic fitting
model called “logistic regression”, with the use of historical data which collected from the USGS
National Minerals Information Center. Predicting long-term production is challenging as it would
be influenced at any time by many variables such as infectious diseases and wars.

3.3.1 Introduction of Logistic regression
Logistic models can characterize the behavior of the data under study with relatively few
parameters, predicting possible future developments and peak years which is the point in time when
the curve start to change from increasing to decreasing, based on known parameters. The fit of the
model is determined by the deviation of the actual data points from the corresponding points on the
curve. Logistic regression is a special case of the generalized linear regression model that models
the probability of the event taking place by having the log-odds for the event fitted as a linear
combination of one or more independent variables (Hook, et al., 2011). It is widely used in
statistics to forecast the probability of a certain event taking place like the probability of a person
getting sick and describing bounded growth phenomena.

Taking the gastric cancer as an example, select two groups of people, one group suffer from gastric
cancer and the other group was non-gastric cancer. The two groups must have different physical
characteristics and lifestyles. Therefore, the dependent variable would be whether the person suffer
from gastric cancer, the value is "yes" or "no", and the independent variables can include many
conditions such as age, gender, eating habits and so on. Independent variables can be either
continuous or categorical. Then, through logistic regression analysis, the weights of independent
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variables can be calculated, so that we can roughly grasp which factors are risk factors for gastric
cancer. At the same time, according to the weight, the possibility of a person suffering from cancer
can be predicted according to the risk factors.

The advantage of the logistic model is that it can directly model the possibility of events without
assuming data distribution in advance, avoiding the problems caused by inaccurate assumptions.
Therefore, it has been proved efficient for forecasting growth of energy and future oil production.
The specific approach is to fit a suitable curve based on known historical data, use it to describe
changes and roughly predict future trends. In energy systems such as oil, gas, and coal systems,
increasing or decreasing trends are often seen, and many time series related to energy production
and consumption show trends, which can be described by growth curves (Hook, et al., 2011).

In a world where resource management and environmental issues are becoming increasingly
important, such models can be a tool to help us to make managing plans.

3.3.2 Fitting process of world production for each element

I found the latest historical data of each element on the USGS National Minerals Information
Center. All data selected from the “world production” section published on UGS Mineral
Commodity Summaries report in January 2022, it represents mine production and is reported as
recoverable element contained in the ore mined. The period of historical data is usually available
from 1900 to 2017 but there are exceptions. The period of historical data for Co and PGEs is from
1901 to 2017 and 1900 to 2018 respectively. These historical data are used for forecasting the
world production until 2100 for each element. I considered 16 elements for logistic fitting, but
there is no available data of estimates of reserves for Ga, Ge, Re, As and In, so I could not
complete the fitting progress for these 5 elements.

3.3.3 Mass calculation

According to the fitting results of the estimated world production of peak year and 2100 excluding
Ga, Ge, Re, As and In since they are lacking of the estimated reserves data, and the concentration
data of each element, I calculated the corresponding mass of the asteroid. The unit of element
concentration was all converted into wt% for mass calculation. In order to estimate how many
tonnages of the asteroid we need to reach the same production as different counties, I calculated the
required asteroid mass with the use of the annual production data in 2021 from different countries.
For the PGEs, there is only available annual production data for element Pt, so I calculated the
corresponding mass using the data of Pt to represent the whole platinum group.

3.4 Limitations of the methods
I mentioned the limitations in each step when describing the methods. Though, as the mentions of
limitations are separated in each section, I summarize them here.

1. Limitations of the data.

The data I combined is from the literature review, but for some meteorite samples and groups, they
may only contain one set of data and it may be over 50 years old. And because these references are
relatively old, they usually do not contain the uncertainty of their data, that means the value of the
element concentration they give is just a number but without a range. It is not good for determining
the outliers. Also, some references did not mention the chemical analysis method they used to
detect the element concentrations.
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2. Limitations of the model.

The model I used is the basic fitting model called logistic. This model could help me to predict
possible future developments with relatively few parameters but the results are relatively less
precise. So, the estimated results of long-term productions are challenging.

3. Limitations of the calculation.

The annual production data of PGEs of different countries is only available for element Pt, so the
corresponding mass is calculated by the data of Pt to represent the whole platinum group.
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4. Results

I have obtained good fitting curves for elements Ni, Co, Cr, Cu and PGEs, although the logistic
fitting curve of some elements does not fit well. This is probably related to slightly incorrect
parameter assessment. The results of estimated mass of required asteroids are divided into two
aspects. First, the required asteroid mass for reaching the estimated production in 2100. Second, the
required asteroid mass for reaching the same production for different countries.

4.1 Forecasting world production for each element
The fitting results of the peak year, the world production of peak year and the world production of
2100 show below (Table 6). The red label is to emphasis the elements that I am going to discuss
further in the discussion section.

Table 6. fitting results of the estimated peak year, the world production of peak year and the world
production of 2100 for each element.

The fitting curve for each element shows below. The blue line shows the historical world
production and the orange line shows the fitting world production until 2100 and the numeric label
shows fitted production in peak year and 2100 for each specific element, unit tonnage (Fig. 10: a-k).

(a) The fitting result of cobalt.
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(b) The fitting result of silver.

(c) The fitting result of gold.

(d) The fitting result of zinc.
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(e) The fitting result of antimony.

(f) The fitting result of molybdenum.

(g) The fitting result of tungsten.
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(h) The fitting result of chromium.

(i) The fitting result of copper.

(j) The fitting result of platinum group elements.
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(k) The fitting result of nickel.

Fig 10. Fitting curves for each element, showing the mass of element in unit metric tons vs year.

The table and curves show that the Ag, Au, Zn, Sb, Mo and W have already reached their peak year,
which means that their world production has already begun to decrease year by year. Compared to
the actual historical world production data at the peak year, the predicted value is lower than the
actual value for these 6 elements. In contrast, Ni, Co, PGEs, Cr and Cu have not reached their peak
year and the actual historical world production is similar with the predicted value.

4.2 The required mass of asteroids

4.2.1 Required mass of asteroids for reaching the estimated world
production in peak year

Excepting the elements Ga, Ge, Re, As and In, the model predicted the world production in peak
year of each remaining element. The data which used here is collected from the Mineral
Commodity Summaries report in January 2022 of the USGS National Minerals Information Center.
According to the results under 4.1 section and the concentration data for each element, the required
mass of asteroids for reaching the same world production tonnage of each element on Earth in their
peak production year can be concluded as below (Table 7).

Table 7. The required mass of asteroids based on the estimated world production in their peak production
year.
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The world production of peak production year theoretically represents the highest production
during the period. Therefore, if the required mass of asteroids could reach the estimated world
production of peak year for each element, then it could also reach the production in other years.
The required mass of asteroids based on the data of peak year is between 15.199×106 to 60.107×
106 t for Ni, 18.920×106 to 45.846×106 t for Co and 3,317.77×106 to 257,072.73×106 t for PGEs,
and other details show below (Table 8).

Table 8. The required mass of asteroids for reaching world production of peak year.

The red, green and gray label respectively means the most suitable value, the potential value, and
unsuitable value. Some elements did not be labeled with green since I considered the potential
value should not be over 2 times of the most suitable value.

From the table above shows that IVB group is the most suitable iron meteorite group for exploiting
Ni, Co, Mo and PGEs. IAB group is the most suitable group for Ag, Zn and Sb. IVA group is the
most suitable group for Au and Cr. And IID group and IIF group are respectively the most suitable
group for W and Cu.

IC group is potentially suitable for exploiting Ag and Zn. IID group is potentially suitable for Co
and PGEs. IIC group, IIF group, IVB group and ungrouped group are respectively potentially
suitable for Cu, Ni, W and Au.

IIIF group is not ideal for Co. IIG group is not ideal for exploiting since all mass data in the IIG
group were many times higher than in the IVB group.

IIIAB group and IIIE group contain less data so it is hard to identify their value.

4.2.2 Required mass of asteroids for reaching the estimated world
production in 2100

Excepting the elements Ga, Ge, Re, As and In, the model predicted the world production in 2100
and the data which used here is collected from the same report as 4.2.1. According to the results
under 4.1 section and the concentration data for each element, the required mass of asteroids for
reaching the same world production tonnage of each element on Earth in 2100 can be concluded as
below (Table 9.).
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Table 9. The required mass of asteroids based on the estimated world production in 2100.

According to the logistic fitting results, all elements will exceed their peak year before 2100, so
that the world production for each element becomes less. The required mass of asteroids is between
0.607×106 to 2.399×106t for Ni, 2.310×106 to 5.597×106 t for Co and 1,542.54×106 to 119,521.21
×106 t for PGEs (Table 10).

Table 10. The required mass of asteroids for reaching world production in 2100.

The labels above have the same meaning with 4.2.2 section. The yellow label will be explained
below.

The suitable groups and unsuitable groups for each element are as the same with 4.2.2 section.
From the table, we can clearly see that IVB group is the best group for Ni, Co and PGEs, it requires
minimal mass of asteroids for reaching world production of 2100. In addition, as the yellow label
shows above, we can understand when we exploited asteroids in order to obtain PGEs, we also
obtained Mo which is several times higher than the world production in the same year at the same
time.

4.2.3 Required mass of asteroids for reaching the same production in
selected raw material producing countries

These results show how many tonnages of asteroids we need to exploit to reach the same
production as different countries. It also shows clearly which country produces the most and which
country produces the least. And the data which used here is collected from the same report as 4.2.1.
The red, green and gray label respectively means the most suitable iron meteorite group, the
potential group, and unsuitable group. Some elements did not be labeled with green since I
considered the potential value should not be over 2 times of the most suitable value. Some elements
are lack of group data, so groups with no data of that element are not shown in the table of those
elements. The details of each element show below (Table 11).
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Table 11. The required mass of asteroids for reaching the same production as different countries for each
element.

From the calculation results, we get to know that the required mass of asteroids for exploiting Ni,
Co and PGEs are relatively more accessible than remaining elements. According to the calculations
based on the annual production in 2021 of different areas, it would require approximately
422.902×106 to 18,571.429×106 t of asteroids to achieve the same production as South Africa
where produces the highest PGEs in the world, and approximately 13.663×106 to 600.000×106 t of
asteroids to achieve the same production as the United States where produces the lowest PGEs in
the world. IVB group is the most suitable group for obtaining PGEs, IIAB group could be
potentially suitable group and IIG group is not suitable for PGEs (Table 12).
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Table 12. The required mass of asteroids for reaching same production of PGEs as different countries.

Ni and Co are more accessible since they require less mass of asteroids. The highest Ni production
country in the world is Indonesia, which needs about 5.962×106 to 23.578×106 t of asteroids to
achieve the same production, and the lowest production country is United States, which needs about
0.107×106 to 0.424×106 t of asteroids to achieve the same production. The highest Co production
country is Russia, which requires about 1.012×106 to 2.452×106 t of asteroids to achieve the same
production, and the lowest production country is the United States, which requires about 0.093×106

to 0.226×106 t of asteroids to achieve the same production. IVB group is the most suitable group
for exploiting both Ni and Co. IID group could be potentially suitable groups for Co and IIF group
could be potentially suitable groups for Ni. IIG group and IIIF group are not suitable respectively
for Ni and Co (Table 13).

Table 13. The required mass of asteroids for reaching same production of Ni and Co as different countries.
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5. Discussion

5.1 Asteroids exploitation as a new avenue of resources
Metals are exploited for a multitude of purposes, some are used in huge quantities such as iron,
aluminum and copper. Other metals like platinum group and rare earth group are with fewer or
more specialized applications but used in smaller quantities since they are rare. Metallic asteroids
mainly composed of Ni alloy but also contain high concentration of PGEs (Wasson, J.T., 1974).
And platinum contents in iron meteorites are very well characterized (Dallas, J.A., et al., 2021).
These elements could not only provide us with the resources that we need for technologies such as
fuel cells, but also help us to develop new green technologies (Hagelüken et al., 2012), foster
international cooperation, expand the scientific knowledge boundaries, and create working
opportunities (Dallas, J.A., et al., 2020).

The average productive life of a typical mine on Earth is about 30-50 years, which is much shorter
than the thousand to millions of years of geological processes that form the deposit (Mercer, C.N et
al., 2015). This means that from the timescale of human, the metal mining activity on Earth is an
inherently unsustainable activity, because economically mineable deposits will be depleted before
they can be replenished through natural processes. These facts imply that sustainable development
should not only focus on the earth, but also need to look beyond.

According to the assessments of different elements and different iron meteorite groups, the idea of
exploiting asteroids is feasible from the perspectives of required mass of asteroids (4.2 section).
Current Near Earth Object Studies of NASA shows there are 26,115 asteroids that pass near Earth.
To get a clearer overview of the feasibility of asteroid exploitation, I selected two potentially
hazardous near-Earth asteroids named Bennu and Apollo from the public database of NASA 2019
for discussion.

The reasons for selecting the asteroid Bennu is because it is the target of OSIRIS-REx sample-
returning mission of NASA, we will get the sample from Bennu in September 2023 (Mission
Profile of OSIRIS-REx of NASA, 2016). And the asteroid Apollo is to compare with Bennu since
their mass are very different. It should be noted that the premise of the following calculation is to
assume that Bennu and Apollo are the parent asteroids of the IVB group, which does not represent
the fact, but only to more clearly explain and discuss the feasibility of asteroid exploitation. The
values of required mass were selected from the most suitable group for the target element (table.
11). The red labels represent the countries with the highest production of the target elements in
2021, and the green labels represent the countries with the lowest production of the target elements
in 2021. All data of required mass come from 4.2.2 and 4.2.3 sections (Table14).
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Table 14. Estimated proportion of selected asteroid for each target element (Ni, Co and PGEs).

For Ni, we need to exploit 5.96184×106t of the asteroid to reach the annual production of Indonesia,
it might occupy 8.167% of the mass of Bennu. 0.10731×106 t to reach the annual production of the
US, it might occupy 0.147% and 0.607×106 t to reach the estimated world production in 2100, it
might occupy 0.832%. And the estimated proportion of the asteroid mass like Apollo would
respectively be 0.298%, 0.005% and 0.03%.

For Co, the numbers are not very different from Ni, we need to exploit 1.01176 × 106 t of the
asteroid to reach the annual production of Russia, it might occupy 1.386% of the mass of Bennu,
0.09319×106t to reach the annual production of the US, it might occupy 0.128% and 2.310×106t to
reach the estimated world production in 2100, it might occupy 3.164%. And the estimated
proportion of Apollo would respectively be 0.051%, 0.005% and 0.116%.

For PGEs, because of the scarcity of it, the numbers would be higher up to 422.902×106 t of the
asteroid to reach the annual production of South Africa, it might occupy 579.318% of the mass of
Bennu, 13.663 × 106 t to reach the annual production of the US, it might occupy 18.716% and
1,542.540×106t to reach the estimated world production in 2100, it might occupy 2,113.068%. And
the estimated proportion of Apollo would respectively be 21.145%, 0.683% and 77.127%.

From my perspectives, the estimated data above raises possibility of asteroids exploitation. We
only need a small part of the target asteroid to match the demands. And we can find huge
differences in the estimated proportion of PGEs by comparing asteroids Bennu and Apollo. The
mass of Apollo is over 27 times larger than the mass of Bennu, therefore, we also need to consider
about the design of the mission. For exploiting trace and rare elements from large near-earth
asteroids, we can process it on-site to only bring back processed materials, and perhaps produce
propellant for the return trip. However, from smaller near-earth asteroids, we need to choose to
process on-site or move whole target asteroid to a suitable place in space (Lladó, N., et al., 2014) or
back to Earth.

Furthermore, for the concentration of trace elements, it could possibly be more of them through the
advance of the chemical analysis methods. In fact, I found some increasing examples with some
trace elements from literature. For example, the concentrations of Ru and Pt from IIAB group are
increased a bit in latest literature (Petaev et al., 2004, Wasson et al., 2007, Hopp et al., 2018), and
according to the chemical classification of IIAB group, the PGEs concentration of this group is also
potentially suitable as its Ir concentration is between 10-60000ppb (Weisberg, M. K., et al., 2006),
but the uncertainty of it is quite unstable. The possibility of higher concentration also means the
real mass that we need is seemingly less than the estimated mass. In addition, the relationship
between iron meteorites and their parent bodies is still an unknown field, so that we may need to
upgrade spectroscopic characterization capabilities to better identify asteroid chemical types
(Dallas, J.A., et al., 2021). Currently, our understanding of asteroids largely depends on the
meteorites studies, so that the data might have differences with real metallic asteroids, the sample-
returning mission of the target asteroid have to be implemented before the exploitation mission to
make sure that the target asteroid could indeed provide enough elements for us.

In the future, if the Mars Immigration program is realized, the asteroid belt next to Mars will be the
best place to exploit resources. For instance, the most recent mass estimates of the metallic asteroid
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“16 Psyche” is about (2.287±0.070)×1016 t (Elkins-Tanton, L.T., et al., 2020). 16 Psyche is 107

times more massive than the near-Earth asteroid Apollo, so that the metallic asteroid like the mass
of 16 Psyche could provide us with metal resources for many years. And compared with
transporting resources from Earth to Mars, it is obviously the most efficient way to exploit
resources directly from the asteroid belt. In the longer term, if humans fly out of the solar system,
the Kuiper belt beyond Neptune will provide more resources for us. Although, metallic asteroids
are the least abundant of three types of asteroids (S.D. Ross, 2001), the metal resources that they
could provide to us are high.

We need to keep moving forward because we have no way of knowing how people will benefit
from it for now. Moreover, the ultimate goal of sustainable development is not only the coexistence
relationship between humans and the natural environment, but more importantly the survival of
human civilization, which remind us to look up into the space. The idea of asteroids exploitation
might provide a new avenue of resources and possibility of survival.

5.2 Thinking of sustainable extraterrestrial resource exploitation
From the Mineral Commodity Summaries report of the USGS National Minerals Information
Center, we can understand that the distribution of resources is unbalanced on Earth. The annual
production data shows that over 50% of PGEs are produced by South Africa, Ga and Ge are also
almost all produced by China. Indonesia produces the most Ni in the world and Russia occupies the
dominant position for Co-production. The geographical imbalance of these resources is also
expected to be resolved through asteroid exploitation.

However, it is important to pay attention to the equality, as the exploitation of extraterrestrial
resources might involve technological challenges. For countries which have advanced aerospace
technology, the extraterrestrial resources would be more accessible. But for other countries, poor
space technology prevents them from exploiting or participating in the exploitation of
extraterrestrial resources. They can only be mined from Earth and input extraterrestrial resources
from other countries. These could lead to greater inequality (Dallas, J.A., et al., 2020).

Currently, there are no relevant laws and policies to ensure equitable distribution, but other similar
conventions can be the references. For example, with regard to the management of the benefits of
common resources on the earth, Article 82 of the United Nations Convention on the Law of the Sea
stipulates that the coastal state should pay fees for the development of non-living resources on the
continental shelf beyond 200 nautical miles, but at the same time, the interests and needs of
developing countries should also be considered according to the situation. Also, the Antarctic
Treaty, which explicitly mentions that Antarctica should be used only for peaceful purposes and
prohibits any military actions in Antarctica.

For the sustainability of extraterrestrial resource exploitation, we must consider its impact on all of
humanity and minimize adverse impacts as much as possible. Because the exploitation of
extraterrestrial resources has not yet begun that we have enough time to formulate relevant laws
and policies. And equitable distribution should be considered as the basis of sustainable
extraterrestrial resource exploitation (Dallas, J.A., et al., 2020).

In addition, just as mining activities on earth require mining licenses, the exploitation activities of
extraterrestrial resources should also require the license, which should be quantitatively issued
annually by international agencies and stipulate the maximum mining volume to prevent the over
exploiting of extraterrestrial resources. Mining activities on earth usually cause serious pollution to
the environment. Therefore, environmental sustainability assessment and alternatives should also
be included, such as considering the impact of rocket engine emissions on the atmosphere (Dallas,
J.A., et al., 2020).

Despite the aerospace business itself still being in its start line, it has spawned many companies and
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thousands of new job opportunities. Aerospace and other related industries have created new
demands for investment and technical work positions (Dallas, J.A., et al., 2020). And all countries
that have advanced aerospace technology are likely to benefit greatly from this growth. From the
economical aspect, encouraging the development of commercial activities in space that can impact
future economy and significantly reduce the cost of missions through commercial competition. If
countries reduce the imports of resources and give these opportunities to domestic companies, it
could also stimulate economic growth. Once companies could benefit from the asteroid exploitation,
the mining direction might move towards space.

In 2018, Andreas Makoto Hein, et al. compared the greenhouse gas emissions resulting on Earth
and asteroids, they found that exploiting platinum in space produced less greenhouse gas emissions
relative to Earth (Andreas Makoto Hein, et al., 2018). That means through asteroids exploitation,
the mining pressure on countries could be reduced, domestic environmental pollution caused by
exploitation activities would be mitigated, more importantly, the environment on Earth would also
have more time to recover itself.

Though, for the sustainability of extraterrestrial resources exploitation, we also need to pay
attention to utilize the best and least invasive techniques possible, and if we could resume the
exploitation area after completing the mission.
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6. Conclusion

The main results implied that IVB group is the most suitable group for exploiting Ni, Co and PGEs.
In contrast, IIG group and IIIF group are relatively not suitable for exploiting compared with other
groups.

However, we have to remember all calculation results and discussions are based on the fitting
results, and there are always cases where the model cannot describe it correctly and this is also the
gap between suitable and reality, and there is always the possibility of significant technical
development or ecological crises that dramatically change natural resource production from the way
that we currently know it. No model is perfect, nor can it be the perfect fit for all possible situations.
The accuracy of any model can only be tested after the situation actually happened.

The world population is predicted to reach 9.8 billion by 2050 (United Nations, 2017), but the
mining industry is currently downsizing. We need to admit that the resources on the earth are
limited. With the increasing demand for these technologies, if there is no way to improve the
recycling rate of these elements, the reserves of them may only meet the needs of the next few
decades or even shorter (UNEP, 2011).

Recently, the concept of sustainable development has been at the forefront. The idea that we have
to work is to preserve our environment, lift people from poverty, and reduce inequalities both
economic and social aspects (the 2030 agenda for sustainable development, 2016). With the
exhausting crisis of many resources on earth, for future generations it may mean looking to
extraterrestrial bodies like asteroids. Since the first man successfully entered outer space in 1961,
humans have continued to explore places beyond Earth. Through the study of iron meteorites, we
found that the content of Ni, Co and platinum group elements is very high (Wasson, J.T., 1974,
Dallas, J.A., et al., 2021), which also shows that metallic asteroids have high value to exploit.
Especially the platinum group elements, they would be many times present in metallic asteroids
than in the crust of the earth. By analyzing 13 groups of iron meteorite, I calculated that it would be
feasible to exploit metallic asteroids to achieve the same annual production of Ni, Co and PGEs as
different countries. These elements could not only provide us with the resources that we need for
technologies, but also help us to develop new green technologies (Hagelüken et al., 2012), foster
international cooperation, expand the scientific knowledge boundaries, and create working
opportunities (Dallas, J.A., et al., 2020). In addition to the 26,115 near-Earth asteroids, there are
countless asteroids in the asteroid belt between Mars and Jupiter. The idea of exploiting asteroid
resources is not impossible. In contrast, with the development of aerospace technology and the deep
space exploration, the exploitation mission of extraterrestrial resources is just a matter of time, and
only in this way can humans fly further into the space.

We need to understand that the elements never exist alone, they are often combined, so when we
capture asteroids to obtain Ni, Co and PGEs, we also obtain Ga, Ge and other critical trace element
resources as sub-products (table. 10). Moreover, with the improvement of scientific understanding,
the knowledge of reserves will be continuously supplemented by new discoveries. It may be
possible to obtain more reserves here on earth by improving mining and processing technology, it
also means that we can get more resources from an asteroid. In addition, just as materials could be
recycled on earth to reduce the new production, materials obtained from extraterrestrial sources
could also be recycled, so that the actual mass required will be less.

In recent years, more and more space missions have begun to target towards asteroids and asteroid
sample-return missions. Robotic spacecraft HAYABUSA 1 and HAYABUSA 2 from Japan
Aerospace Exploration Agency (JAXA) successfully completed their missions about taking samples
of material from near-earth asteroids ITOKAWA and RYUGU and returned them to Earth; OSIRIS-
REx spacecraft from NASA collected the sample of the asteroid BENNU and prepared for a return
trip to Earth; the China National Space Administration (CNSA) has also stated that they plan to
conduct the sample-return mission of near-earth asteroids around 2025. Although current asteroid
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sample-return missions are purely for scientific research, any scientific technology needs to be
developed and innovated step by step, when current aerospace technology becomes to be mature, it
means that asteroid sample-return technology will begin to transit to asteroid exploitation
technology.

Nowadays, despite the countless successful missions, there is still no formal law or regulation
about the outer space in the international community, so we also need to pay attention to the
legality of extraterrestrial resources exploitation. The existing international space law is based on
the Outer Space Treaty, which is forced since 1967 and signed by 107 countries, agree to prevent
the militarization of outer space and limit the use of the moon and other extraterrestrial bodies only
with peaceful purpose. By contrast, some countries like the United States have formulated their
own laws to engage in commercial exploration and utilization of space resources, and gives US
citizens rights of any space resources they acquired including selling them (Dallas, J.A., et al.,
2020).

In the end, I think asteroid mining is a positive idea, it would be feasible to exploit metallic
asteroids for obtaining Ni, Co and PGEs, and to help us to transit towards green energy society.
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