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Abstract

Space resource utilization (SRU) can be a catalyst for a growing space economy. Significant reductions in
cost, launch mass and risk for human and robotic activities beyond Earth can be achieved. Commercial
entities will have the opportunity to generate revenue through economic development, allowing for a de-
creased dependency on governmental agencies for the exploration of space. A wide variety of materials can
be found on planetary and small solar system bodies, which are potentially of great use to customers in
space. This paper conducts a comparison of the economic and commercial potential of SRU on the surface
of the Moon, Mars, a representative near-Earth asteroid and a representative main-belt asteroid. In par-
ticular, mining of water will be considered which will be electrolyzed into hydrogen and oxygen using solar
power. Coupled economic and trajectory optimization then results in the minimum specific cost to deliver
propellant (LOX/LH2) from these bodies to a number of customer locations. Customers on the surface of or
in orbit around the Earth, Moon, and Mars are investigated, along with Psyche, a large metallic main-belt
asteroid. Using a cost model that considers technology maturation to allow current aviation-like costs to be
used for development and manufacturing, missions are optimized. Results show that for customers beyond
low-Earth orbit, SRU should be used instead of launching water-derived resource directly from the Earth.
In particular, near-Earth asteroids are shown to be in an attractive location for mining, processing and
delivering a large quantity of LOX/LH2 at a low specific cost, for customers in the vicinity of the Earth and
the Moon, including nearby collinear Lagrange points. Exceptions are customers on the surface of the Earth
and the Moon, who, together with customers on the surface of Mars, are better off mining and processing on
that same surface. A sensitivity analysis shows that, for all investigated customers except Psyche, there are
near-Earth asteroids available which can be used to deliver water-derived resources for a lower specific cost
than the most ideal main-belt asteroid. Only once these near-Earth asteroids have been depleted, mining
main-belt asteroids and transporting resources back to a customer in the vicinity of the Earth is worth
considering.

Keywords: Space resource utilization, economic modelling, trajectory optimization, Lunar mining,
Martian mining, asteroid mining

1. Introduction

The cost, mass and risk of human and robotic ac-
tivities beyond Earth can be significantly reduced
through space resource utilization (SRU) [1]. SRU
is the strategy of using natural resources from the
Moon, Mars and other bodies for use in situ or else-
where in the solar system, which can replace ma-
terial that would otherwise be brought from Earth

∗Corresponding author, merel.vergaaij@glasgow.ac.uk

[2]. There are clearly many advantages to SRU. By
not having to transport propellant for both the out-
bound and return segments of a mission, the total
mass that has to be lifted from Earth’s deep gravity
well can be reduced, or the payload capability can
be increased. Risk can be reduced by providing a
back-up and in-situ capability for human life sup-
port so mission capabilities and flexibility can be
increased [3]. The use of SRU may also provide
a means for commercial entities to earn revenue
through space exploration by delivering resources
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[4–7], such as propellant electrolytically split from
water, to a range of customers at different locations
in the inner solar system.

Opportunities for SRU have been researched
for decades, focused on the Moon [8–12], Mars
[3, 8, 11, 13] and asteroids [14–16]. Potential mate-
rials to utilize include O2 and H2O for life support,
LOX and LH2 for propellant and various metals,
and elements and compounds for metallurgic and
chemical production processes [12]. Where space
exploration missions were driven solely by govern-
ment agencies, this is now being complemented by
commercial enterprises. SRU can be the catalyst
for a growing space economy [17], with enterprises
processing resources and delivering products to cus-
tomers at a range of locations.

Because of the interest of commercial companies,
a range of economic assessments has been published
in recent years, investigating the use of SRU on var-
ious planetary bodies [15, 17–20]. These works ad-
dress specific mission architectures with an impres-
sive level of detail, as well as an array of economic
models. Where appropriate selection of cost mod-
els, methods and tools is already a difficult task for
space engineering [21], in addition, there are many
different assumptions involved in the separate eco-
nomic assessments, as well as different decisions for
mission architectures. Comparison of different eco-
nomic assessments is therefore complicated.

This work aims to explore the economic and com-
mercial potential of SRU at a number locations for
customers in various locations, through a paramet-
ric approach. Using the same economic model, ap-
plied to a range of different mission architectures,
allows for an unbiased comparison. Because of the
many parameters involved in the economic model
and mission analysis, a balance in the level of ap-
proximation used is essential. This results in a mod-
erately low-fidelity parametric approach that can be
applied to many different combinations of resource
and customer locations. This parametric approach
is based on an economic model coupled with tra-
jectory optimization, used to compute the specific
cost for delivering propellant (LH2 and LOX) as a
product to customers. The results can be used to
identify potential value chains to focus further re-
search using high-fidelity models.

The structure of this paper is as follows. First,
Section 2 elaborates on the methodology for this
work, starting with the adopted baseline mission ar-
chitecture, economic modelling and trajectory op-
timization. Following this, Section 3 presents and

discusses the obtained baseline results. This is fol-
lowed by a sensitivity analysis in Section 4 and the
paper is concluded in Section 5.

2. Methodology

The goal of this paper is to identify combina-
tions of material sources and customer locations
for which mining, processing and selling LOX/LH2

can be profitable. Missions starting at the Earth,
mining at the source, and delivering the resources
to various customer locations will be investigated.
The following sources are proposed:

1. Earth surface

2. Lunar surface

3. Representative near-Earth asteroid (NEA)

4. Martian surface

5. Representative main-belt asteroid (MBA)

More specifically, the NEA 2000 SG344 [22, 23] and
the MBA 2015 AE282 are considered, based on fa-
vorable orbital characteristics (i.e., close proximity
to the Earth’s orbit and in the inner belt, respec-
tively, as well as a low inclination) and brightness
(which relates to its size). However, in Section 4.3
a search of other asteroids is conducted to assess
the importance of specific target asteroid selection.
It is assumed that these asteroids are water-bearing
C-type asteroids.

Customer locations to be considered are:

1. Earth surface

2. Low-Earth orbit (LEO), 400 km, similar to the
International Space Station

3. Geostationary orbit (GEO)

4. Sun-Earth L1-point (SE-L1)

5. Sun-Earth L2-point (SE-L2)

6. Lunar surface

7. Low Lunar orbit (LLO), 100 km circular orbit

8. Lunar Gateway

9. Martian surface

10. Mars Base Camp, elliptical orbit, 1 sol period,
400 km periapsis [24]

11. Sun-Mars L1-point (SM-L1)

12. 16 Psyche, a metallic MBA

These destinations are considered because of the
need for water and other volatiles, either for hu-
man consumption or as propellant [25]. The Lunar
Gateway is a proposed modular space station lo-
cated in a stable orbit around an Earth-Moon La-
grange point, which will be used to test and verify
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technologies and procedures for crewed missions in
deep space [26]. The Mars Base Camp is a proposed
space station to be assembled in orbit around Mars
[24]. Psyche is considered as a possible destination
since it is a large metallic M-type asteroid and in or-
der to mine metals, water is required [27]. All pos-
sible combinations are investigated, leading to 60
scenarios that have to be optimized. A schematic
showing the wide spread of source and customer
locations is presented in Figure 1 with labels corre-
sponding to the two lists above.

This section now sets out the various aspects
of the analysis to be undertaken, starting with
the mission architecture that will be investigated.
Next, the methodology used for economic modelling
is explained, followed by the mass budget calcula-
tions used in this economic model. This is followed
by the methodology used to find trajectories be-
tween the Earth, the material source and customer
locations. Finally, the optimization method used in
this work is set out.

2.1. Mission architecture

A baseline mission architecture is presented in
Fig. 2. A single consistent architecture is consid-
ered for all scenarios to allow comparisons, because
the objective is to produce data to allow a top-level
comparison and evaluation of material sources and
customer locations. Based on the specific scenario,
i.e. a given combination of material source and cus-
tomer location, this architecture can be adapted.
Details for these adapted mission architectures will
be presented below, after the definition for the base-
line mission architecture.

The baseline scenario starts with a launch to
LEO using SpaceX’s Super Heavy and Starship, for
which a circular orbit with an altitude of 185 km is
assumed based on previous SpaceX launches [28].
The maximum payload capacity of the launch ve-
hicle (estimated at 150 tons, i.e. 136 metric tonnes
[28]) is used to size a cargo spacecraft, the min-
ing and processing equipment (MPE) required and
the propellant needed for the first orbit transfer
manoeuvre. Subsequently, the cargo spacecraft,
loaded with the MPE, departs from LEO to transfer
to the material source. After arrival at the material
source location, the MPE is installed and mining
and processing water into propellant can start, pro-
ducing LOX and LH2. When the mining phase has
completed, the cargo spacecraft transfers to the lo-
cation of the resource customer. During this trans-
fer, the cargo spacecraft utilizes part of the mined

and processed payload as propellant. At the desti-
nation, the remaining propellant will be sold to the
customer.

The specific mission architecture is dependent on
the combination of material source and customer
location. Exceptions and clarifications to the above
mission architecture are as follows:

� Missions with the material source on the
Earth’s surface do not include MPE, because
the volatiles are already available in processed
form and so are delivered directly to the cus-
tomer.

� Missions landing on the Earth or Martian sur-
face are equipped with an entry, descent and
landing system (EDL) to cope with atmo-
spheric (re-)entry. (Re-)entry is performed us-
ing a direct descent from a hyperbolic capture
orbit.

� In absence of an atmosphere on the Moon, the
cargo spacecraft is assumed to be soft-landed
on the Lunar surface, from an intermediate
low-Lunar orbit.

� For interplanetary transfers and transfers to
Lagrange points, time-dependent Lambert arcs
are employed. Transfers to escape and from
capture are modelled as hyperbolic trajecto-
ries.

� Spacecraft launching from the Lunar or Mar-
tian surface transfer through an intermediate
circular orbit (at 100 km) before escape and
further transfer to their destination.

2.2. Economic model

For each mission scenario, the minimum specific
cost to acquire resources and deliver them to a cus-
tomer location is calculated (in $ per kg of delivered
resources). In order to do so, the total cost for the
mission has to be calculated, which is done similarly
to Refs. [22, 23]. A summary is presented here, but
the reader is referred to these papers for further
details. Cost contributions that are included are
for launch (Cl), development (Cdev), manufacturing
(Cman), operations (Cop) and propellant (Cprop). It
is assumed that the missions take place in a mid-
to far-term time frame, which is reflected in the
costs, i.e. it is assumed that technology has ma-
tured through intermediate missions and develop-
ment and manufacturing costs are represented by
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Figure 1: Schematic showing the source and customer locations. Source locations labelled with blue triangles: 1) Earth surface,
2) Lunar surface, 3) NEA, 4) Martian surface, and 5) MBA. Customer locations labelled with red circles: 1) Earth surface, 2)
LEO, 3) GEO, 4) SE-L1, 5) SE-L2, 6) Lunar surface, 7) LLO, 8) Lunar Gateway, 9) Martian surface, 10) Mars Base Camp,
11) SM-L1, and 12) Psyche.

aviation-like costs. All results in this paper assume
that there will be a time-frame where this assump-
tion holds. Values for these cost elements are given
in Table 1 and further explanation is given below.

Table 1: Cost elements used for modelling.

Cost element Value [FY2020$]

Cl 13.10×106

Cdev 37.19 /kg
Cman 1007.1 /kg
Cop 6.98×106 /year
Cprop 0.95 /kg

To compute the total cost, C, specific costs for
the elements are multiplied by the total mass or
time for that element:

C = Cl + (Cdev + Cman)mdry (1)

+Coptmis + Cpropm
O
prop

in which mdry is the combined dry mass of the cargo
spacecraft and MPE (in kg), tmis the mission du-
ration (in years) and mO

prop the propellant required
for the outbound transfer with the cargo spacecraft
(in kg). The next section will elaborate on the cal-
culation of these elements.

Finally, the specific cost, c (in $/kg), can be cal-
culated using:

c =
C

mr,sold
(2)

in which mr,sold is the resource mass sold at the
customer location (in kg).

2.3. Mass budget calculations

This section describes the method for calculat-
ing the mass budget of the proposed missions,
based on the method proposed in earlier work in
Ref. [23]. As described in Section 2.1, all mis-
sions start with a Starship system (Super Heavy
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Figure 2: Baseline mission architecture.

and Starship combined) utilized at maximum pay-
load capacity. This payload capacity (ml) is divided
over the dry mass for the cargo spacecraft loaded
with the MPE (ms/c,dry) and the propellant for the
initial transfer manoeuvre (mO

prop):

ml = ms/c,dry +mO
prop (3)

First, the propellant requirement mO
prop is calcu-

lated:

mO
prop = ml

(
1− e−

∆V O

Ispg0

)
(4)

in which ∆V O is the velocity change required to
transfer from the LEO parking orbit to the material
source location and Isp is the specific impulse of the
propulsion system. Section 2.4 will detail how ∆V O

is obtained for the separate missions. The propul-
sion system used throughout this work is assumed
to be LOX/LH2 with Isp = 446 s, to allow the use
of in-situ propellant manufactured from water. The
total dry mass of the cargo spacecraft loaded with
MPE can then be calculated from Eq. (3).

Next, the total dry mass of the composite space-
craft, ms/c,dry, is split using a mass fraction, λMPE ,
which will be optimized later:

ms/c,dry = mcargo +mMPE (5a)

mMPE = ms/c,dryλMPE (5b)

mcargo = ms/c,dry(1− λMPE) (5c)

The total quantity of volatiles that is mined and
processed at the source, mr,mined is determined by:

mMPE , the duration of the mining phase (tmining

in days), and the throughput rate (r in kg/day/kg
of MPE), such that

mr,mined = mMPErtmining (6)

in which tmining is related to the stay time at the
asteroid, ∆tstay, by:

tmining = ∆tstay − 14 days (7)

to account for proximity operations, installing the
MPE and transport of the resources to the cargo
spacecraft.

The throughput rate to mine water and process it
into LOX/LH2 is calculated similar to the method
described in Ref. [23], using values from Refs. [29–
31], but incorporates a different water content of the
regolith at the various material sources, as well as
a different solar distance. Mass is included for the
structure, equipment for collecting, grinding, sep-
arating gases from solids, condensing vapors, elec-
trolysis, solar panels to supply power for the mining
and electrolysis equipment, as well as a 10% margin
for uncertainty. Where Ref. [23] finds a throughput
rate for NEAs (at a distance of 1 AU) of 1.47 kg/day
per kg of MPE, this work includes correction factors
for:

� Water content, which affects the amount of
water extracted from the same quantity of re-
golith. The same mass of equipment is required
to process the same amount of regolith, but
this results in less harvested water. A water
content of 10% is assumed for water-bearing
asteroids [30], but only 1.3% for typical Mar-
tian regolith [8, 13] and 1.5% for typical Lunar
regolith [8].

� Solar distance, which influences the solar flux
and therefore the performance of the solar pan-
els to power the mining and processing equip-
ment. This change in performance has an effect
on the total solar panel mass required to power
the equipment for mining, processing and elec-
trolysis. The throughput in Ref. [23] has been
calculated at a solar distance of 1 AU, and an
approximation for the solar panel performance
is based on an inverse-quadratic relationship
with the semi-major axis (in AU) of the mate-
rial source body.

This results in throughput rates for the separate
material sources as shown in Table 2.
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Table 2: Assumed throughput rate for all sources.

Source r [kg/day/kg of MPE]

Earth surface N/A
Lunar surface 1.358
NEA 2000 SG344 1.538
Martian surface 0.602
MBA 2015 AE282 0.365

One issue not taken into account in Ref. [23] is the
combustion mixture ratio of LOX/LH2, since the
MPE produces LOX/LH2 in a stoichiometric ratio
(i.e. the ratio at which complete combustion takes
place, which is the resulting ratio after electrolysis,
∼ 7.9 : 1). However, current propulsion systems
are designed for a fuel-rich mixture ratio, meaning
that there is an excess of oxygen after electrolysis.
A mixture ratio of 6.5 : 1 is adopted in this work,
which is slightly higher than currently used (6 : 1),
but still considered very reasonable [32]. The closer
the mixture ratio is to the stoichiometric ratio, the
smaller the excess of oxygen. In this model, the ex-
cess oxygen is vented, which is a common approach
[8, 25, 32]:

m′r,mined = mr,minedλMR (8)

in which m′r,mined is the total quantity of volatiles
after venting the excess oxygen, and λMR the frac-
tion that has to be vented in order to reach a com-
bustion mixture ratio of 6.5 : 1.

The quantity of resources that can be transported
to the customer location is then calculated using:

mr,transportable =
1− εmin

εmin
mcargo (9)

in which the minimum allowed structural coeffi-
cient is εmin = 0.1 [33] for all spacecraft consid-
ered in this work. Equation (9) means that the
total resource mass, mr is determined by: mr =

max
{
m′r,mined,mr,transportable

}
. For the NEA and

MBA, an additional check is performed to ensure
that the asteroid is sufficiently large to supply mr,
consistent with Ref. [23].

Finally, because the cargo spacecraft employs
in-situ resource utilization, consuming part of the
LOX/LH2, the quantity of resources that can be
sold at the customer destination is equal to:

mr,sold = mr −mI
prop (10)

in which mI
prop is the required propellant mass for

the inbound transfer, i.e. the transfer to the cus-
tomer location. The quantity of propellant required
is calculated using:

mI
prop = (mcargo +mr)

(
1− e−

∆V I

Ispg0

)
(11)

where ∆V I is the velocity change required to go
from the source to the destination. Depending on
the scenario, this can include a launch from a plan-
etary or lunar surface. Section 2.4 will detail the
method for determining this ∆V .

2.4. Trajectories

The missing parameters to calculate the specific
cost are the ∆V requirements for the various trans-
fers. This section explains how these are calculated
for each scenario.

A patched-conic approach is used, connecting a
number of relevant two-body systems. Ephemerides
of planetary bodies and asteroids are taken from
JPL databases [34, 35]. As noted in Section 2.1, in-
terplanetary segments of the transfers are modelled
using Lambert arcs, while transfers between closed
orbits around the Earth or Mars are modelled us-
ing Hohmann transfers. Transfers to escape or from
capture are modelled using hyperbolic trajectories
with an impulse approximation. The methodology
for calculating ∆V O and ∆V I and an example are
given below.

The ∆V and transfer time, tt, for each segment
can be determined using one of four ways:

1. A two-burn Hohmann transfer, used to calcu-
late ∆V s between two closed orbits around the
Earth or Mars. Between circular and elliptical
orbits around the same main body, ∆V and tt
are both calculated using the Hohmann trans-
fer, taking the inclination change into account
where necessary.

2. For transfers from a circular or elliptical orbit
to escape, or from capture to a circular or ellip-
tical orbit, a single ∆V is applied. The hyper-
bolic escape orbits are designed such that the
excess velocity, v∞, is equal to the ∆V of the
next segment of the escape orbit, or the previ-
ous segment of the capture orbit. A single ∆V
is applied at periapsis of the hyperbolic trans-
fer orbit. The transfer time, tt, is estimated as
the time from periapsis of the transfer orbit to
the sphere of influence of the main body.
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3. A Lambert arc is used to calculate interplan-
etary transfers between bodies (e.g., Earth es-
cape to Mars capture or NEA), as well as trans-
fers to Lagrange points. Where applicable, the
∆V at the start (∆V1) and end (∆V2) of the
Lambert arc is used to compute the hyperbolic
trajectories. The timing, and thereby ∆V re-
quirement of these Lambert arcs is optimized
in Section 2.5. The Lambert solver used in this
paper is coded in Python [36], but translated
to MATLAB®, to be used in conjunction with
the genetic algorithm explained in Section 2.5.

4. Fixed values of ∆V or tt for certain segments,
as listed in Table 3. For atmospheric (re)-entry,
a ballistic trajectory followed by a direct de-
scent is assumed. For transfers to and from
the parking orbits at 100 km, the value for tt
is set to zero, because determining this param-
eter accurately is outside the scope of the paper
and this duration is negligible compared to the
duration of the other segments. Otherwise tt
is approximated by the time taken to transfer
from the edge of the sphere of influence, along
a parabolic capture trajectory with periapsis
at the surface, to the periapsis of that trajec-
tory. SpaceX states that over 99.9% or 99% of
the energy is dissipated aerodynamically dur-
ing Earth and Mars atmospheric entry [37], re-
spectively, but supersonic retro-propulsion is
necessary to land on Mars [38]. The esti-
mated ∆V given for this propulsive descent
is based on the Mars Design Reference Archi-
tecture 5.0 [39], which also utilizes supersonic
retro-propulsion for the descent on Mars.

Table 3: Fixed segment ∆V and tt.

Segment ∆V [km/s] tt [days]

Earth capture → Earth surface 0 [39] 7.8
Mars capture → Mars surface 0.595 [39] 11.7
LLO (100 km) → Lunar surface 1.963 [40] 0
Lunar surface → LLO (100 km) 1.905 [40] 0
Mars surface → LMO (100 km) 4.028 [41] 0

An example is given below for the scenario where
resources are mined on the Lunar surface and trans-
ported to the Mars Base Camp, which is in an ellip-
tical orbit with a period of one Martian day (1 sol)
and periapsis at 400 km [24]. Figure 3 illustrates
where the separate impulsive ∆V s are applied. This
example utilizes all four methods to determine ∆V
and is one of the more complex calculations:

Figure 3: Schematic for example trajectory for scenario “Lu-
nar Surface → Mars Base Camp”. Red circles showing where
the impulsive ∆V s are applied.

� Outbound, ∆V O

1. ∆V at periapsis of a Hohmann transfer
orbit from a LEO parking orbit to Lunar
capture;

2. ∆V at periapsis of a hyperbolic trajectory
to LLO (100 km), with v∞ equal to the
∆V at apoapsis of the Hohmann trans-
fer orbit from the LEO parking orbit to
Lunar capture;

3. Given ∆V for powered descent from LLO
to lunar surface, from Table 3.

� Inbound, ∆V I

4. Given ∆V for powered ascent to LLO
(100 km);

5. ∆V at periapsis of a hyperbolic trajectory
from LLO to lunar escape, with v∞ =
vp − vMoon, in which vMoon is the circu-
lar velocity of the Moon around the Earth
and vp is the velocity at periapsis of a hy-
perbola from lunar escape to Earth escape
with v∞ = ∆V1 of an Earth-Mars Lam-
bert arc;

6. ∆V at periapsis of a hyperbola from Mars
capture to Mars Base Camp with v∞ =
∆V2 of the Earth-Mars Lambert arc.

In combination with the information given in Sec-
tion 2.3, all variables to compute the total cost and
specific cost for Eqs. 1 and 2 can now be deter-
mined.

2.5. Optimization

There are a number of parameters that have to
be optimized for each scenario, in order to find the
lowest specific cost, c, for each scenario.
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A genetic algorithm is now employed to find a
global optimum without the need for an initial guess
[22, 23, 42, 43]. The built-in genetic algorithm in
MATLAB® is used, using default parameter set-
tings, except for the initial population, which is
uniformly randomly spread throughout the whole
domain. The general decision vector for the genetic
algorithm is as follows:

X =
[
∆tO ∆tstay ∆tI tIdep λMPE

]
(12)

in which ∆tO is the transfer time for the outbound
Lambert arc, ∆tstay the stay time at the asteroid,
∆tI the transfer time for the inbound Lambert arc,
tIdep the departure date for the inbound transfer and
λMPE the mass fraction to divide the spacecraft’s
dry mass into mMPE and mcargo. Note that rather
than absolute dates and times, a combination of
one absolute date and three relative durations are
used, to aid convergence of the genetic algorithm
[22] and remove the need for linear constraints to
ensure that the dates are chronological.

Depending on the scenario, certain decision vari-
ables are superfluous, i.e.:

� ∆tO, ∆tstay, and λMPE are not needed for the
scenarios including Earth as the source of ma-
terial, since those scenarios do not include a
mining phase.

� ∆tO and/or ∆tI are not needed for the trans-
fers covered by Hohmann manoeuvres, only for
those that include Lambert arcs.

� If all transfers are covered by Hohmann trans-
fers, tIdep is not necessary.

Bounds are enforced on the decision variables in
Eq.(12):

� 30 days < ∆tO < 3 years

� 14 days < ∆tstay < 3 years, to ensure that
tmining > 0, per Eq. (7)

� 30 days < ∆tI < 3 years

� January 1st, 2025 < tIdep < December 31st,
2050, to cover all synodic periods (time frame
arbitrarily chosen)

� 0 < λMPE < 1

These bounds are wide enough to accommodate all
scenarios, thereby eliminating the need for individ-
ual fine-tuning of the genetic algorithm for each sce-
nario. The genetic algorithm is initialized by 25 dif-
ferent seeds to increase the chances of finding the

global optimum. It should be noted that most seeds
result in very similar results, thus showing that the
solutions are reliable.

The problem is also subject to a number of non-
linear constraints. Non-linear constraints are in-
cluded to enforce the minimum structural coeffi-
cient (εmin) during all phases of the mission and
that there is at least enough propellant to get to the
destination. In case of an atmospheric entry, a mass
penalty is applied to the structural mass through
an additional structural coefficient, ∆εentry. Ref-
erence [44] states that the structural coefficient for
SpaceX’s Starship and DLR’s SpaceLiner 7, both
designed to be capable of multiple atmospheric en-
tries, are 9.9% and 15.6%, respectively. The higher
estimate for the structural coefficient of the Space-
Liner is linked to the intentionally robust design
philosophy of the concept [44]. Therefore, it is as-
sumed that εentry = 0.05 is reasonable. For each
transfer, it is checked whether

mdry

mwet
≥ ε, where

ε = εmin or ε = εmin + ∆εentry, depending on
whether (re)-entry is part of the scenario.

3. Results

This section presents the results obtained us-
ing the methodology in Section 2, for all material
sources and customer locations as listed at the start
of that section. Table 4 shows these results. For
each scenario (i.e. combination of material source
and customer location) for which the optimization
algorithm found a solution, the specific cost (c in
$/kg), total mission duration (tmis in years), re-
quired velocity change from material source to cus-
tomer location (∆V I in km/s) and delivered mass
(mr,sold in kg) are presented. For each scenario for
which the optimization found no solution, meaning
that the non-linear constraints could not be satis-
fied, no information is given. For scenarios involv-
ing Earth-based resources (first column), ∆V I is
the ∆V from the parking orbit (at 185 km [45]) to
the destination, because there is only a cargo space-
craft directly from LEO, without a mining phase,
as discussed in Section 2.1.

Note that the results in Table 4 are optimized in-
dividually for each departure/target pair and can-
not be directly combined to create new scenarios.
For example, results for the “NEA → Lunar sur-
face” scenario and “Lunar surface → Lunar Gate-
way” scenario cannot be combined for a “NEA →
Lunar surface → Lunar Gateway” mission. Each
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Table 4: Results for all combinations of resource and customer locations. Legend in bottom-right corner. Specific-cost cells
with the lowest value for each customer have been marked green.

Earth surface Lunar surface NEA Martian surface MBA
Customer (2000 SG344) (2015 AE282)

Earth surface 0 0.39 1.63 - -
0 2.58 0.88 - -1
∞

580
90.8

335
258.3

-
-

-
-

LEO (400 km) ∼0 0.47 1.46 - 5.01
0.01 5.81 3.33 - 7.38231
118.6

967
55.0

411
204.4

-
-

3,603
20.6

GEO ∼0 0.47 1.46 - 5.04
3.94 3.70 1.54 - 6.79658
41.7

485
109.6

250
336.6

-
-

2,750
27.1

SE-L1 0.18 0.68 2.28 - 3.69
3.81 3.18 0.55 - 8.93661
43.4

427
127.9

212
388.2

-
-

9,655
6.6

SE-L2 0.18 0.66 1.49 - 3.69
3.81 3.18 1.00 - 7.79661
43.4

427
127.7

214
397.6

-
-

4,090
15.7

Lunar surface 0.02 0.45 1.48 - 5.11
5.92 0 2.88 - 8.331,279
21.5

1771

299.9
362

232.8
-

-
6,326

11.8

Low lunar orbit 0.02 0.45 1.48 3.22 3.77
3.96 1.91 0.92 7.74 6.42665
41.4

291
182.2

213
396.4

19,387
4.3

2,289
27.5

Lunar Gateway 0.01 0.49 1.48 - 3.76
3.97 2.58 0.98 - 7.58666
41.3

352
151.3

216
389.1

-
-

3,684
17.6

Martian surface 0.90 1.46 1.75 1.09 4.07
6.77 6.67 6.75 0 4.424,778
8.54

3,919
15.3

3,631
23.2

3361

148.9
1,987

34.1

Mars Base Camp 0.56 1.36 1.72 1.03 2.95
4.57 4.41 4.13 5.28 2.14915
34.2

673
88.3

538
155.6

1,916
25.9

511
114.2

SM-L1 0.56 1.36 3.33 1.36 4.04
6.11 5.87 5.91 5.70 3.921,563
20.0

1,104
53.8

1,085
86.9

2,455
21.2

937
72.0

16 Psyche - - - - 4.45
- - - - 3.77-
-

-
-

-
-

-
-

916
76.8

tmis [years]
1 Specific cost based on one full cargo spacecraft, Legend: c [$/kg] ∆V I [km/s]
mining equipment can potentially last longer. mr,sold [tonnes]
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scenario in Table 4 has been optimized for mini-
mum specific cost. As part of this optimization, the
spacecraft is sized according to the methodology in
Section 2.3, resulting in a range of different-sized
cargo spacecraft. In addition, the cargo spacecraft
will not be completely filled with propellant at the
start of the next transfer.

A more detailed overview of one example mis-
sion scenario, “NEA → Lunar Gateway”, is given
in Table 5. Table 5 shows that approximately 500
tonnes of propellant are produced, which is con-
sistent with Ref. [23] and Ref. [31] when consid-
ering that the current paper includes electrolysis
whereas Ref. [31] does not. Note that the launch
date is in an arbitrarily-chosen time frame, as noted
in Section 2.5, and this mission could be moved by
a (number of) synodic period(s).

To emphasize that the goal of this work is to com-
pare different scenarios, rather than give absolute
values, Table 6 presents the relative metrics for the
Lunar Gateway and Mars Base Camp. The specific
cost for and delivered mass are normalized by the
values for the scenarios involving a direct launch
from the Earth’s surface.

3.1. Discussion

There are a number of observations that stand
out from Table 4. First, by far the lowest spe-
cific cost for LOX/LH2for customers on the Earth,
Lunar and Martian surface is realized by material
sourced in the same location, rather than mining
and processing elsewhere. Mining elsewhere and
subsequent transport to surface locations means
that a fraction of the propellant is used for this
transfer, resulting in lower mr,sold than for the sce-
nario where mining occurs on the same surface.

Furthermore, scenarios involving NEA 2000
SG344 show that this asteroid is in a strategic lo-
cation, able to provide LOX/LH2 to many destina-
tions in the vicinity of Earth at the most competi-
tive specific cost. Exceptions are customers at sur-
face locations, as discussed before, and LEO, which
is very close to the parking orbit after launch from
the Earth surface. The reason for this is the rel-
atively low ∆V O from Earth escape to the NEA,
which allows for a large part of the payload capacity
of the launch vehicle to be used for structural mass,
which in turn allows for a relatively large quantity
of propellant to be transported. The ∆V O to other
sources are higher because the spacecraft either has
to soft land on the Moon (for which ∆V = 1.963
km/s, per Table 3), or transfer far from Earth to

either Mars or the MBA, with a semi-major axis of
1.52 and 2.01 AU, respectively.

For customers further afield, in the vicinity of
Mars and at the metallic main-belt asteroid 16 Psy-
che, MBA 2015 AE282 is able to provide resources
at the lowest specific cost. Resources from this
MBA could possibly even be used to support deep
space missions outward from the main belt. How-
ever, Table 4 also shows that it is in general cost-
prohibitive or infeasible to transport resources from
the MBA back to customers in vicinity of the Earth,
even if the target asteroid is positioned in the inner
main belt, as is the case in Table 4. Besides the high
specific cost, long mission durations are associated
with scenarios selling to customers in the vicinity of
the Earth. Long mission durations are unattractive
for investors [46].

Another observation is related to scenarios min-
ing and processing on the Martian surface. Ta-
ble 4 shows that many scenarios are infeasible.
This is due to two reasons. First, there is a mass
penalty on the structural mass of the spacecraft be-
cause it has to withstand atmospheric entry (as
discussed in Section 2.5) and second, there is a
large ∆V cost for ascent from the Martian sur-
face (4.026 km/s [41]). Because of the increase in
minimum structural coefficient, the maximum ∆V
decreases: ∆Vmax = Ispg0 log (1/(εmin + ∆εentry)).
Combined with the high ∆V for ascent, this means
that many scenarios are not possible. Interestingly,
scenarios mining and processing on the MBA per-
form better than those mining and processing on
Mars, meaning that the larger semi-major axis of
the MBA is outweighed by these two drawbacks for
Mars. This is especially striking for customers at
the Mars Base Camp: the specific cost is lower from
all considered material sources other than the Mar-
tian surface.

In addition, high-thrust missions to Psyche are
shown to be only possible by refuelling at an inter-
mediate MBA, for the mission architecture defined
here: a single stage from the LEO parking orbit
to the destination using a hyperbolic trajectory to
escape from the Earth. Of course other mission
scenarios can be envisaged, but if a fully reusable
launch vehicle such as SpaceX’s Starship system is
to be used, a parking orbit is unavoidable. On Psy-
che, water would be needed to mine metals on the
metal-rich asteroid [27].

Finally, observations can be made regarding the
total amount of volatiles delivered to the cus-
tomer. Because the missions delivering Earth-
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Table 5: Details for example mission “NEA → Lunar Gateway”.

Parameter Value

Launch date, tOdep March 30th, 2027

Transfer time outbound, ∆tO 213 days
∆V O 3.73 km/s
Stay time at NEA, ∆tstay 183 days
Mass cargo spacecraft, mcargo 55.7 tonnes
Mining and processing equipment, mmpe 2.31 tonnes
Produced LOX/LH2, mr 501 tonnes
Transfer time inbound, ∆tI 132 days
∆V I 0.982 km/s
Arrival date at customer September 7th, 2028
Mass delivered to Lunar Gateway, mr,sold 389 tonnes

Table 6: Relative metrics for scenarios involving the Lunar Gateway or Mars Base Camp.

Lunar Gateway Mars Base Camp
Material source location c, normalized mr,sold,

normalized
c, normalized mr,sold,

normalized

Earth surface 1.000 1.000 1.000 1.000
Lunar surface 0.529 3.663 0.735 2.577
NEA (2000 SG344) 0.325 9.419 0.598 4.930
Martian surface - - 2.095 0.756
MBA (2015 AE282) 5.538 0.427 0.558 3.339

sourced volatiles are limited to the payload capac-
ity of the launch vehicle, it is shown in Table 4 that
mr,sold is relatively low to customers beyond GEO,
compared to other sources. In contrast, scenarios
mining and processing at NEA 2000 SG344 can de-
liver the largest quantity of volatiles to many desti-
nations. This is because ∆V O is low, as discussed
above, and therefore a significant fraction of the
payload capacity of the launch vehicle is dedicated
to the structural mass of a large cargo spacecraft.
In addition, ∆V I is also relatively low for the NEA-
scenarios, meaning that less propellant is “wasted”
on the transfer to the customer.

In 2016, the United Launch Alliance set prices it
is willing to pay for propellant in space in several
locations. In a mid-term time frame, these prices
are ∼$1,000 per kg at the Earth-Moon L1-point and
∼$500 per kg on the Lunar surface [47]. Comparing
these costs with Table 4, and assuming that propel-
lant will not be sold at cost price but will include a
mark-up, it is clear that delivery of propellant from
the Earth will not meet these prices in the vicinity
of the Moon, but mining on the Lunar surface or a
NEA will be required. Whilst this study focuses on
delivery to customers located at the final location

in space, the commercial enterprise mining and pro-
cessing these space-based resources can also choose
to use these resources themselves, which would re-
move the need for a mark-up on the price.

It is worth noting that mr,sold does not have to
consist of the combination of LOX and LH2 suitable
for rocket propellant per se, but mr,sold could con-
sist of any other water-derived resource [48]. For
example, instead of venting and therefore discard-
ing oxygen, it can also be transported, such that
customers only have to bring the (much lighter)
LH2 and can buy the (heavy) LOX in space. This
way, less mined resources are wasted through vent-
ing and therefore the specific cost can be brought
down. Also, pure water could be transported, which
would also allow for a reduction in cost because less
oxygen has to be vented and less water has to be
electrolyzed. For any resource other than the com-
bination of LOX/LH2 used, the analysis would have
to be carried out with slightly varied input values
for the throughput rate, r, and/or the mixture ra-
tio, λMR. When transporting different resources
than LOX/LH2, care should be taken that there is
sufficient propellant left in the spacecraft to transfer
to the final destination, in the case that no in-situ
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propellant can be used.
It can be noted however, that the costs presented

in this paper will have significant uncertainty and
risks are likely weighted strongly towards the in-
creased costs. Dependency on intermediate mis-
sions advancing technology readiness and planning
for the mid- to far-term time frame adds to the
inherent uncertainties of cost estimation. Nonethe-
less, the results presented here can be used to fo-
cus future research on potentially more profitable
and feasible missions. More importantly, the rela-
tive metrics, such as those shown in Table 6 can be
used to shape future research and mission design.
Table 6 confirms the preferred selection of the ma-
terial source for customers at the Lunar Gateway
and Mars Base Camp, without relying on the abso-
lute specific costs presented in Table 4, which have
a higher uncertainty.

4. Sensitivity analysis

This section presents a sensitivity analysis for a
number of input parameters to the model. Because
of the assumptions in the cost model and the in-
herent uncertainty of planning future missions, a
sensitivity analysis is important. First, a range of
Monte Carlo analyses investigates the sensitivity of
the model to relevant input parameters. Next, the
effect of some assumptions in the cost model are
investigated. Also, the impact of asteroid selec-
tion (both near-Earth and main-belt) is examined.
Rather than producing a series of tables like Ta-
ble 4, these sensitivity analyses are carried out for
a smaller number of relevant scenarios, which de-
pend on the input parameter under investigation.

4.1. Monte Carlo analysis

Due to the highly non-linear nature of the opti-
mizations in this paper, a Monte Carlo simulation
is considered appropriate to assess the uncertainty
of the results based on uncertainty of the input pa-
rameters. For the Monte Carlo analysis, the fol-
lowing input parameters are regarded as relevant:
specific impulse (Isp), minimum allowed structural
coefficient (εmin) and the additional structural coef-
ficient for atmospheric entry (εentry), cost elements
for development, manufacturing, launch and oper-
ations (Cdev, Cman, Cl, Cop), throughput rate (r)
and launch vehicle payload capacity (ml). For these
input variables, the scenarios “NEA→ Lunar Gate-
way” and “NEA → Mars Base Camp” are investi-

gated. These two are considered due to their po-
tential for human exploration and the correspond-
ing need for propellant and other water-based re-
sources, as well as their affordability in Table 4. In
addition, for the uncertainty in r, “Lunar Surface→
Lunar Gateway” and “Mars → Mars Base Camp”
are considered, to investigate the sensitivity to r on
other material source locations besides NEAs. For
εentry, “Mars → Mars Base Camp” is considered
instead of “NEA→ Lunar Gateway” and “NEA→
Mars Base Camp”, because εentry is not applicable
in those scenarios.

The uncertainty on the input parameters is mod-
elled using a Gaussian probability density function,
with the mean value as described in Section 2, and
a standard deviation is chosen as 10% of this value.
This standard deviation is arbitrarily chosen and
does not necessarily reflect the actual uncertainty,
but this does provide a means to assess the sensi-
tivity of each parameter with respect to the oth-
ers. The Monte Carlo simulations are performed
for each input parameter separately by optimizing
the scenario using one changed input. For each con-
sidered scenario for each input parameter, a total
of 500 pseudo-random samples of the input param-
eter are used to initialize the optimization. The
specific cost is subsequently optimized for each in-
stance, following the procedure described in Sec-
tion 2. The resulting distributions of specific costs
are visualized using boxplots in Figs. 4-7. For each
boxplot, the central line indicates the median value
and the box contains 50% of the results, with the
bottom and top edges of the box marking the 25th

and 75th percentiles, respectively. The dashed lines
extend to the most extreme results not considered
outliers, with the outliers are plotted individually in
red. Due to how the uncertainties on the input pa-
rameters are modelled, the boxplots present clear
indications of how sensitive the solution is to an
equal relative change in the input parameters. The
Monte Carlo simulations have been distributed over
Figs. 4-7 in a way that allows for meaningful com-
parison with other simulations. Note that within
Fig. 6 and 7 the vertical axis spans an equal range,
but centered around a different specific cost, to al-
low for comparison.

From Figs. 4 and 5 it is apparent that the mini-
mum specific cost is most sensitive to uncertainties
in the imposed minimum structural coefficient for
the spacecraft and the manufacturing cost. Also,
uncertainties in the development cost have a rela-
tively small effect on the specific cost of the mined
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Figure 4: Resulting boxplots of Monte Carlo simulations for
Isp, εmin, Cdev , Cman, Cl, Cop and ml, for scenario NEA
→ Lunar Gateway.

Figure 5: Resulting boxplots of Monte Carlo simulations for
Isp, εmin, Cdev , Cman, Cl, Cop and ml, for scenario NEA
→ Mars Base Camp.

Figure 6: Resulting boxplots of Monte Carlo simulations for
r, for scenarios to Lunar Gateway.

resources. The observations are the same for both
the Lunar Gateway and Mars Base Camp scenar-
ios. From Figs. 6 and 7 it is evident that the
throughput rate also has a relatively minor effect,
especially when comparing the vertical axis range
with Figs. 4 and 5. It is shown that the sensitivity
to the throughput rate differs slightly depending
on the mining location, but the sensitivity is still
minimal. In addition to this Monte Carlo simula-
tion, which assumes a 10% standard deviation for
the throughput rate, Table 7 shows the impact of

Figure 7: Resulting boxplots of Monte Carlo simulations for
r, for scenarios to Mars Base Camp, and Monte Carlo sim-
ulation for εentry .

smaller throughput rates for the “NEA → Lunar
Gateway” and “NEA → Mars Base Camp” scenar-
ios, beyond the 10% standard deviation. While
Table 7 shows that the specific cost to produce
LOX/LH2 increases, as expected, it also shows that
the impact is rather limited, even for dramatically
lower throughput rates. Other simulated scenarios,
not presented in Table 7, show very similar trends:
that to offset the decrease in throughput rate, the
stay time at the source is increased, which has an
impact on the operational costs as per Eq. (1).

Table 7: Effect on specific cost (in $/kg) of lower throughput
rates, for the baseline mission from a NEA.

Multiplier Lunar Gateway Mars Base Camp

1× 216 538
1/2× 224 562
1/5× 245 594
1/10× 262 624
1/20× 296 689

Where Figs. 4 and 5 show a relatively large sensi-
tivity to the minimum structural coefficient, Fig. 7
shows that the specific cost is also relatively sen-
sitive to the imposed additional structural coeffi-
cient for atmospheric entry. Because the spacecraft
on which εentry is based have not yet flown, and
could experience mass growth, this sensitivity is
especially important. Future research should take
this sensitivity into account. These observations are
consistent with those in Ref. [23].

4.2. Cost model assumptions

The methodology described in Section 2 and
Refs. [22, 23] assumes aviation-like costs for devel-
opment and manufacturing costs elements. It is
assumed that technology has matured sufficiently
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through intermediate missions, because of the mid-
to far-term time frame considered for the missions
described in this paper. Since there is significant
uncertainty on when this time frame will occur, a
sensitivity analysis has been carried out with higher
development and manufacturing costs. To achieve
this, the production volume has been varied, which,
as described in Ref. [22], directly influences the de-
velopment and manufacturing costs. The total de-
velopment cost is spread evenly over all units in the
production volume, while the manufacturing cost
experiences the learning curve effect [49].

Table 8 shows the effect of changing the pro-
duction volume for two scenarios: “NEA → Lunar
Gateway” and “NEA → Mars Base Camp”. In the
methodology of this paper and Refs. [22, 23], a pro-
duction volume of 2,033 units is used, based on the
production volume of the Boeing 7771. This sensi-
tivity analysis investigates the effect of using from
1 to 10,000 units in various steps, by optimizing the
missions again with the different development and
manufacturing costs resulting from the production
volume. Table 8 shows that, for the two investi-
gated scenarios, in order to have specific costs un-
der $1,000, the production volume has to be at least
100 units, when assuming the cost model adopted in
this paper. Note that these units do not necessarily
have to be for the exact same mission, but that de-
velopment/manufacturing costs can also be brought
down when other large deep-space cargo spacecraft
are designed and built. In more general terms, the
specific costs for the two investigated scenarios are
under $1,000 when development costs are able to
reach the level of ∼$750 per kg and manufacturing
cost of ∼$1,500 per kg, regardless of the cost model
used.

The next sensitivity analysis is aimed at the de-
velopment and manufacturing cost for the MPE.
While industry has significant experience design-
ing and building spacecraft, this is not neces-
sarily the case for designing and building MPE.
To this extent, the impact of higher develop-
ment/manufacturing costs for MPE is investigated.
Table 9 shows the resulting specific cost for two
scenarios: “NEA → Lunar Gateway” and “NEA
→ Mars Base Camp”, considering that develop-
ment/manufacturing cost for MPE are n times the
baseline, which is still used for the spacecraft in the
re-optimized scenarios. As shown in Table 9, even

1http://www.boeing.com/commercial/#/

orders-deliveries, accessed May 31st, 2019

when the development and manufacturing costs for
MPE are 10 times as high, the specific cost per de-
livered kg of propellant to the Lunar Gateway and
Mars Base Camp only changes by 18 and 15%, re-
spectively.

4.3. Different asteroids

To investigate the influence of the target selection
for the asteroids, both near-Earth and main-belt as-
teroids, a sensitivity analysis is carried out. At the
time of writing, there are 23,390 NEAs and 938,938
MBAs catalogued in the Horizons database2.

The NEA targeted in the baseline scenario, 2000
SG344, has Earth-like orbital elements: semi ma-
jor axis a = 1.116 AU, eccentricity e = 0.151 and
inclination i = 0.943◦. This allows for low ∆V s to
and from the Earth, but not necessarily to Mars,
for example. To this extent, the algorithm is exe-
cuted using all discovered NEAs [35], to assess the
effect of asteroid selection. The asteroids with the
lowest specific cost to the Martian surface, Mars
Base Camp, SM-L1 and Psyche are given in Ta-
ble 10. Upon comparison with Table 4, it is clear
that asteroid selection is very important for the sep-
arate destinations. Specific costs for customers at
the Martian surface, Mars Base Camp, and SM-L1

are all much lower if an asteroid is selected which is
appropriate for this scenario, with orbital elements
similar to those of Mars. This ensures a low ∆V I

which in turn ensures that only a small fraction of
mined resources is used for transportation to the
customer. Where Table 4 shows that for NEA 2000
SG344, Psyche is out of reach, Table 10 shows that
appropriate asteroid selection for this customer al-
lows for a specific cost as low as $951 per kg using
the adopted cost model. The selected asteroid has
perihelion close to Earth (1.26 AU) and aphelion
close to Psyche’s orbit (2.835 AU for the NEA and
a semi-major axis of 2.921 AU for Psyche), again
aiming to especially minimize ∆V I to reduce the
consumption of propellant for transportation.

Similarly, the MBA targeted in the baseline sce-
nario is positioned in the inner main belt, at a =
2.015 AU, e = 0.173 and i = 0.477◦. The inner
main belt stretches between 2.0 < a < 2.5 AU and
the middle main belt between 2.5 < a < 2.82 AU.
This asteroid was selected due to its relative prox-
imity to the Earth. However, again, this does not
necessarily imply that it is the optimal asteroid for

2Obtained on August 20th, 2020 [35]
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Table 8: Effect on specific cost (in $/kg) of changing the production volumes for the baseline mission from a NEA.

Production volume Cdev Cman Lunar Gateway Mars Base Camp

1 75,600 2,875 10,917 27,663
10 7,560 2,094 1,456 3,590
100 756 1,525 400 987
500 151 1,222 265 664
1,000 76 1,111 238 593
2,033 38 1,010 216 538
5,000 15 890 195 490
10,000 7 809 182 458

Table 9: Effect on specific cost (in $/kg) of higher specific de-
velopment and manufacturing cost for MPE, for the baseline
mission from a NEA.

Multiplier Lunar Gateway Mars Base Camp

1× 216 538
1.25× 218 545
1.50× 219 550
2× 222 554
2.50× 225 561
3× 228 565
4× 233 575
5× 238 601
10× 257 620

destinations further afield. Due to the sheer num-
ber of MBAs, 938,9382 at the time of writing, it
is computationally unrealistic to run the algorithm
on all MBAs. Instead, 20,000 MBAs are selected
at random and results are extrapolated to the en-
tire set. Because of this approach, a table similar
to Table 10 cannot be produced. However, other
meaningful conclusions can still be drawn. Table 11
shows the quantity of NEAs and MBAs available
for mining for customers at the various locations,
for a range of minimum specific costs. In addition,
Figures 8 and 9 show the distribution of these spe-
cific costs as histograms for the Lunar Gateway and
Mars Base Camp, respectively.

Table 11 shows that for most customers, trans-
ferring to the main-belt and back is not beneficial,
compared to transferring to an NEA. This is espe-
cially evident in the column c < 2, 000 $/kg, where
it can be seen that there are no MBAs available
to deliver propellant under $2,000 per kg to cus-
tomers in the vicinity of the Earth, including the
nearby collinear Lagrange points and customers on
or near the Moon. For customers on or near Mars
and Psyche, there is a a wider range of asteroids to

Figure 8: Histogram of available asteroids for scenarios to
Lunar Gateway.

Figure 9: Histogram of available asteroids for scenarios to
Mars Base Camp.

choose from for affordable propellant. Even though
there are many MBAs to select with c < 1, 000
$/kg, for the Mars-customers (on the surface, in the
Mars Base Camp and in SM-L1) it is still cheaper
to select an NEA. Only once these NEAs have been
depleted, is it more efficient to use MBAs.

Figures 8 and 9 show more detail for the scenar-
ios to the Lunar Gateway and Mars Base Camp,
to illustrate the trends visible in Table 11 for cus-
tomers near the Earth/Moon and customers near
Mars, respectively. Note that the histograms are
stacked to reflect the total number of available as-
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Table 10: NEAs with lowest specific cost for destinations at Mars and beyond.

Customer location Minimum
specific cost

[$/kg]

Asteroid
designation

Semi-major
axis [AU]

Eccentricity Inclination
[deg]

Martian surface 592 2005 UK5 1.420 0.087 2.609
Mars Base Camp 260 2017 QN17 1.391 0.095 2.540
SM-L1 295 2001 FC7 1.436 0.115 2.621
16 Psyche 951 2017 HK49 2.011 0.384 2.138

Table 11: Number of available asteroids for a certain specific cost, c [$/kg].

Customer c < 250 c < 500 c < 1,000 c < 2,000 c < 5,000

location NEA MBA NEA MBA NEA MBA NEA MBA NEA MBA

Earth surface 0 0 28 0 341 0 1.3k 0 3.1k 0
LEO (400 km) 0 0 13 0 1.4k 0 5.2k 0 11.7k 2.3k
GEO 0 0 371 0 2.3k 0 5.7k 0 11.7k 113k
SE-L1 1 0 173 0 1.1k 0 2.7k 0 5.5k 0
SE-L2 4 0 262 0 1.5k 0 3.7k 0 7.8k 0
Lunar surface 0 0 35 0 868 0 2.8k 0 6.5k 0
Low lunar orbit 3 0 696 0 2.9k 0 6.5k 0 12.3k 33.1k
Lunar Gateway 2 0 346 0 1.8k 0 4.2k 0 8.9k 0
Martian surface 0 0 0 0 55 0 799 47 3.4k 12.4k
Mars Base Camp 0 0 757 0 5.3k 92.6k 11.5k 310k 15.3k 391k
SM-L1 0 0 72 0 1.2k 188 4.3k 114k 10.0k 300k
16 Psyche 0 0 0 0 8 100k 2.0k 318k 7.8k 378k

teroids and that the scale on the horizontal and ver-
tical axes are not the same for the two figures. In
order to show meaningful results, the range for spe-
cific costs is 10 times higher for the Lunar Gateway
compared to the Mars Base Camp, indicating that
the specific cost is much higher for many available
asteroids. Also, the horizontal axis, the number
of asteroids per bin, is three times as high for the
Mars Base Camp, revealing that there are more as-
teroids available for customers there. These figures
highlight that mining on NEAs in general results in
cheaper resources, but that there are many more
MBAs available. This conclusion can be drawn
regardless the uncertainty on inputs for the cost
model. This has implications for long-term SRU
where extraction of asteroid resources changes the
large-scale distribution of resources in the inner so-
lar system.

5. Conclusion

In this paper, an investigation into the economic
and commercial potential of space resource utiliza-

tion (SRU) on the surface of the Moon, Mars, a
near-Earth asteroid and a main-belt asteroid is pre-
sented. Results are compared with lifting the same
resources from the Earth’s surface. Economic mod-
elling and trajectory optimization are coupled in
a bid to find the minimum specific cost to deliver
propellant, more specifically LOX/LH2, from these
bodies to a number of customer locations. Various
customer locations are considered: on the surface,
in orbit around, or at a Lagrange point near the
Earth, Moon, and Mars, as well as on Psyche, a
large metallic main-belt asteroid. A generic mis-
sion scenario is established and, where necessary,
refined for specific combinations of resource and
customer locations. This generic mission scenario,
as well as the unified approach to optimization, al-
lows for a fair comparison of the different mission
scenarios to specific resource and customer loca-
tions. This mission scenario includes launch using a
reusable launch vehicle transporting a cargo space-
craft equipped with mining and processing equip-
ment, and hyperbolic transfers to and from the re-
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source location.
Results show that, for customers on the Earth,

Moon and Mars, the minimum specific cost is found
when mining and processing of water in LOX/LH2

occurs on the same surface. For any customer be-
yond LEO, SRU is cheaper than directly launching
the resources from the Earth and the total mass
delivered using one launch/cargo spacecraft can be
leveraged several times. The near-Earth asteroid
considered, 2000 SG344, is in a very strategic loca-
tion for most customers in the vicinity of the Earth,
except those on the surface of the Earth and Moon
and in LEO, as noted earlier. The reason for this is
a relatively low outbound ∆V from Earth escape to
the asteroid. The outbound ∆V for other sources
are higher because the spacecraft either has to soft
land on the Moon, or transfer far from Earth to ei-
ther Mars or the selected (inner) main-belt asteroid,
with a semi-major axis of 1.52 and 2.01 AU, respec-
tively. For customers further away, i.e. near Mars
and on Psyche, mining and processing on a main-
belt asteroid is most cost effective, at least among
the considered baseline material sources. Further-
more, results show that it is generally infeasible to
mine and process on the Martian surface and trans-
port these resources to a customer in the vicinity of
the Earth. This is due to an imposed mass penalty,
to cope with atmospheric entry on Mars and the
high ∆V for ascent from the Martian surface.

Several types of sensitivity analyses have been
performed. First, a range of Monte Carlo simula-
tions on key input parameters show that the re-
sulting specific cost is relatively most sensitive to
the manufacturing costs of the spacecraft and the
imposed minimum structural coefficient, and least
sensitive to uncertainties on the development costs
and throughput rate. Second, it is shown that in or-
der for specific costs to be in an acceptable range,
development and manufacturing costs have to be
lower than ∼$750 and ∼$1,500 per kg, respectively,
regardless of the cost model used. Last, the im-
pact of asteroid selection is examined, where re-
sults show that for all customers considered, except
Psyche, there are near-Earth asteroids which are
cheaper than the cheapest main-belt asteroid. Only
in the long term when these near-Earth asteroids
have been depleted, is it financially worth transfer-
ring to a main-belt asteroid and back. This range
of sensitivity analyses show that the relative met-
rics for the different scenarios remain similar when
exposed to the same change of an input parameter,
meaning that conclusions are valid even when faced

with the inevitable uncertainties regarding future
mission planning.

Concluding, for customers beyond LEO, SRU can
and should be used rather than lifting water-derived
resources from the Earth’s surface. Despite sig-
nificant uncertainties on input parameters for the
model, the modelling efforts in this paper may help
inform the selection of SRU sources for specific mis-
sion scenarios, ultimately resulting in lower cost,
mass and risk for future human and robotic space
exploration.
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