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ABSTRACT

A range of resources can be extracted from asteroids, for example volatiles for propellant and consumables for
(crewed) spacecraft, semi-conductors and metals for in-space manufacturing or platinum group metals for terrestrial
use. One of the key justifications for in-situ manufacturing/resource utilisation is the high costs incurred during launch
from the Earth’s deep gravity well. However, selling asteroid-derived resources in Earth orbit at a price competitive
with launching the same resources from the Earth’s surface is largely dependent on specific launch costs, especially
for low value-to-mass resources such as volatiles and construction materials. This paper investigates the influence of
the cost and payload capacity of launch vehicles on asteroid mining profitability. Results demonstrate that for
resources delivered to GEO, if the launch cost decreases, the specific launch cost (per kg) decreases in such a way that
the decrease in total cost is smaller than the decrease in revenue, resulting in a less profitable mission. Similarly, when
the payload capacity increases and therefore the specific launch cost decreases, the resulting mission also generates
less profit. Sensitivity analyses show that for an example mission with two round trips to the same asteroid, profits
increase with the increased number of trips, if the asteroid has not been fully depleted. Similarly, a further sensitivity
analysis demonstrates that by changing the destination orbit for the processed resources to the Lunar Gateway,
increased profit margins can be realised.

KEYWORDS: Asteroid mining, Economic modelling, Trajectory optimisation, Launch vehicles, Net Present
Value.

INTRODUCTION

Interest in asteroid mining missions has grown in recent
years, with a number of companies emerging on the
global market.® It is recognised that asteroid mining
could provide a long-term solution to alleviating
shortages of easily-accessible key natural resources on
Earth, on which sustainable technology development is
dependent. Moreover, asteroid resources could provide
bulk material in (Earth) orbit, for example for propellant
for crewed deep space exploration missions or material
for the fabrication of space-based habitats.>®

Many important issues for the success of asteroid mining
missions are being addressed: classification of near-
Earth asteroids (NEASs),” trajectory optimisation to and
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from NEASs,2 2 mining equipment*1¢ and economic
modelling of these missions.* 61718

For economic modelling, many assumptions must be
made concerning a range of elements of the mission. One
such elements is the launch vehicle, with assumptions on
payload capacity and launch cost. While one of the key
justifications for the utilisation of asteroid resources is
the high costs otherwise incurred if the same resources
were to be launched from Earth, the effect of decreasing
launch costs and increasing payload capacity is not yet
fully understood. With current trends in launch vehicle
development, this is an important issue to investigate.
Therefore, this paper aims to investigate the influence of
launch vehicle cost and payload capacity on the
economic profitability of asteroid mining missions.

First, a top-level mission architecture is defined. Next, a
methodology to investigate the impact of launch cost and
payload capacity is established, which includes the
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coupling of economic modelling and trajectory
optimisation. Two case studies are presented and the
methodology is subsequently applied to derive general
relationships between the launch vehicle characteristics
and the profitability of an asteroid mining mission.
Several sensitivity analyses are performed: a mission
scenario with two round-trips instead of one, selling
resources at the Lunar Gateway instead of GEO and a set
of Monte Carlo simulations to investigate the sensitivity
of the results to certain input parameters.

MISSION ARCHITECTURE

A schematic for the mission concept proposed in this
paper, similar to the mission assessed in Reference [6],
is presented in Figure 1. For all missions investigated,
the mission starts by a launch to LEO, for which an
altitude of 185 km is assumed based on SpaceX
launches.®® The launcher is used at its maximum payload
capacity with a kick-stage, a cargo spacecraft and the
mining and processing equipment (MPE). For ease of
comparison, from LEO the Kkick-stage transfers the
payload (cargo spacecraft and MPE) to an escape
trajectory with C; = 0 km?/s?. At escape, the cargo
spacecraft, carrying the MPE, departs on a high-thrust
Lambert arc to a target NEA,?° which is assumed to be
C-type with water resources. Upon arrival at the asteroid,
the MPE is placed on the asteroid and mining and

Mining operations

Inbound
transfer

Outbound
transfer

Figure 1. Mission Schematic Overview.

processing commences. A key parameter for the mission
is the throughput of the MPE, defined as the resource
mass per unit time delivered per unit mass of MPE. The
duration of the mining phase will therefore determine the
total mass of resources that can be acquired and then
transported to Earth. At the end of the mining phase, the
cargo spacecraft returns to Earth using a Lambert
transfer to geostationary orbit (GEO). During the
transfer, the cargo spacecraft makes use of a fraction of
the mined propellant. In GEO, the remaining resources
(e.g. remaining propellant) are sold at a price which must
be competitive with launching the same resources from
Earth.

METHODOLOGY

The paper combines trajectory optimisation and
economic modelling, both of which are discussed in this
section.

The Net Present Value (NPV) has been identified as a
useful metric for assessing the economic viability of
asteroid missions,>*618 and is therefore used here. This
section will firstly elaborate on the definition of the mass
budget for the mission and the resource mass to be
delivered to GEO. Then, the specific methodology for
the economic modelling is detailed, followed by the
trajectory optimisation strategy and target selection.

Mass Budget Calculation

This section describes the method used for calculating
the mission mass budget and other key parameters that
characterise the mission defined by the top-level concept
shown in Figure 1.

The payload capacity of the launcher to LEO mg, (at
185 km altitude) is equal to:

Mppo = Mys + My/cwet 1)

where my is the wet mass of the kick stage to reach
escape and m e the total wet mass of the composite
spacecraft delivered en-route to the asteroid:

— (o]
msc,wet - mcargo + MypE + mprop (2)

where mq,g, i the dry mass of the cargo spacecraft,
mypg iS the mass of the MPE and mJ,.,,, is the propellant
mass required for the outbound transfer.

Using mg, first the mass of propellant for the kick-
stage My ,rop IS Calculated using:
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3)

_AVLEOH(zscape
— I
mks,prop =Mrgo (1 —€ sp9o )

where AV goescape 1S the AV required to transfer from
LEO to an Earth escape trajectory and I, is the specific
impulse of the propulsion system (446 s for the
LOX/LH2 combination considered here?!). In
combination with the minimum structural mass
coefficient €, = 0.1, My ,p0p this can be used to
calculate the dry mass of the kick stage as:

€min

Mis,dry = Mgs,prop (4)

1- €min

The remainder of the launch vehicle payload capacity
(Ms/cwet), COMprising the cargo spacecraft, propellant
and MPE will then depart on a Lambert arc starting from
the escape trajectory with C; = 0 km?/s?, again for ease
of comparison. The propellant mass required for the
outbound transfer will depend on the AV associated with
this Lambert arc, AV, for the outbound transfer such
that:

_av9
0 — 1
Myrop = ms/c,wet 1—e "spd0 (5)

From this result, the total dry mass arriving at the
asteroid can be calculated as:

Mg/cary = Ms/cwet — mzorrop (6)
Using a mass fraction Aypg, t0 be optimised later, the

spacecraft dry mass is divided into mypr and meg,g,
where:

Muypg = AmpEMs/c,ary (72)

Meargo = a- AMPE)ms/c,dry (7b)

The mass of resources that are mined and processed at
the asteroid is determined by m,,p, the duration of the

mining phase (tmining) and the throughput rate (r) in
kg/day per kg of MPE, such that:

My mined = MmpE rtmining (8)

WhEre tnining is defined by:

tmining = tstay - 14 days (9)

where 14 days are allocated for proximity operations,
placing the MPE on the asteroid and the final resource
transfer to the cargo spacecraft for return to Earth.

The throughput rate r to mine water and process it into
LH2 and LOX is calculated using a relatively
conservative'® initial throughput of 200 kg/day per kg of
MPE. This includes the equipment necessary for
collecting and grinding, separating gases from solids and
condensing vapours.!# Reference [14] suggests 1500 kg
can be allocated for these elements of the equipment,
which therefore means a mass flow rate of 300,000
kg/day, or 3.47 kg/s. In addition to this equipment mass,
the mass of the power system for mining water and
electrolysing the water into LOX/LH2, along with the
mass of the required structure, heat engine and
compressors must be added. Reference [14] suggests a
structural mass of 300 kg, a compressor mass of 10 kg, a
heat engine mass of 100 kg and a power requirement of
200 kW for the above mass flow rate. In the mid- to far-
term, solar array performance is envisioned to reach 4
kg/kW.22 The power requirement for the electrolysis is
estimated using the Gibbs free energy of water for
dissociation into H, and O; which is 13.16 MJ/kg.?®
Using the mass flow rate determined above, the power
requirement for electrolysis can be estimated, followed
by the required solar array mass. It is assumed that
cooling of the gases to liquid is performed by simply
directing flow pipes into shadow, while providing
sufficient heat transfer to cold space.’® Subsequently, a
10% margin is added to the total system mass to account
for uncertainties. Finally, using the mass flow rate and
the total system mass, the throughput rate, r, can be
estimated as 1.47 kg/day per kg of MPE.

While the mining and processing equipment may be able
to produce a certain quantity of LOX/LH2, the total mass
that can be transported (m,.) is constrained by both the
maximum volatile mass available at the asteroid, and the
maximum mass that can be transported by the cargo
spacecraft.

The total volatile mass available from the target asteroid
is approximated using the absolute magnitude of the
asteroid (H), the average geometric albedo for C-type
asteroids (p,, = 0.06) ** and the average density of C-
type asteroids (p, = 1300 kg/m®),%* along with an
expected volatile recovery ratio of 4,54 = 10%.3
First, the diameter of the (assumed spherical) asteroid
can be approximated using:®*
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H[-]

D[km] = 13292 °_ (10)
Py, [_]

from which the total available volatile mass can be
estimated as:

V3
My available = g D3pc)luolatile (11)

A minimum structural mass coefficient €,,;, = 0.1 will
be assumed for the cargo vehicle,? so that the total mass
that can be transported using the cargo spacecraft is
determined as:

1—€,;
m mcargo (12)

My transportable —

€min
Finally, the propellant mass m{,mp required for the
inbound Lambert arc determines the resource mass
m,... that can be delivered and sold in GEO such that:

1 —
Mprop = (mcargo + mr) X
_AVI+AVescape—>GEO (133.)
1—e Ispgo

Mrggo = Mr = Mprop (13b)
where AV! is the AV required for the inbound Lambert
arc and AViseape—gro 1S the AV required for the final

transfer from Earth escape energy at arrival to GEO.

Economic modelling

For any project the NPV takes into account the forgone
interest that funds could have been earning if they were
invested in an alternative venture: the longer the wait for
income, the less present worth it has, and the more
heavily discounted it should be.> The NPV considers
costs and revenues over time and calculates the present
worth of a project such that:

N
RL'_CL'
= E 14
NPV 2Ty (14)

where R; is the revenue generated at time t, C; the costs
incurred at time ¢t and I is the discount rate per unit time
(i.e., the return that could be generated per unit time on
an investment with similar risk). For a single asteroid
mining mission where all costs are paid upfront and all
revenue is generated at the end of the mission, Eq. (14)
is simplified to:

NPV (15)

=— ¢
a+nt °

For the mission architecture defined in the previous
sections, Eq. (15) is expanded to:

perEO

NPV = ——GEO_
(T + Ditmis

- (Cdev + Cman)ms/c,dry

(16)

o
- Cp‘rop Mprop — Cks,escupe
- Cl - Coptmis

where Cy,,, is the project development cost, C,,,,, is the
manufacturing cost, Cy,.,p is the propellant cost, all per
Kg. Moreover, Cys escape 1S the cost for the kick stage to
escape (including propellant), C; is the launch cost, C,,
is the operation cost per year, p is the market price of the
returned resources to customers in GEO per kg of
resource material and t,,;s is the total mission duration
in years.

Values for the cost elements are given in Table 1. It is
assumed that the mission takes place in a mid- to far-
term timeframe, thus suggesting that the relevant
technologies have been matured through intermediate
missions. A rationale for the values for Cyeyy Crnan, Cop
and Cy,,p is given in Reference [6]. Both Cys escape and
p are dependent on m, ., the payload capacity of the
launch vehicle to LEO. In addition, p is also dependent
on C;, as the price the resources are sold at must be
competitive with the cost if the same material is launched
directly from the Earth’s surface:

p=p"+ Crorpit 7)

where p’ is the cost of the materials purchased from
terrestrial sources (in this case equal t0 Cpgp,
considering the low value-to-mass of volatiles) and
Cyorpie 1S the launch cost to the orbit where the resources
are sold. To be consistent with the asteroid mining
mission concept, C; ,,p;¢ includes a launch to LEO at full
payload capacity and a kick stage to the target orbit, in
this case GEO. The total cost, C; + CysgEo, iS then
divided by the total mass delivered to GEO by the kick
stage, consistent with my,. .., from Eq. (1), (3) and (4)

but with AV} g0 escape SCaled t0 AV o cro-

The cost for the kick stage, Cy;, is calculated as follows:

Cks = (Cdev + Cman)mks + Cpropmks,prop (18)

Vergaaij

Reinventing Space Conference 2019



where my, and my; ,op are calculated according to Eqs.

(3)'(4)1 USing AVLE0—>e‘scape‘ for Cks,escape and
AV, go-cEo Tor Ciscro-
Table 1. Cost Elements for NPV Calculation.
Cost element Value (FY2020" $)
Ciop 37.19 /kg
Cnan 1007.1 /kg
Cop 6.98 x 10° /year
Corop 0.95 /kg
G free parameter
Cks,escape f(mLEO)
p f(mygo, C) kg

Trajectory optimisation

To optimise the trajectory for maximum NPV, the
default genetic algorithm available in MATLAB® is
employed. Using the genetic algorithm, the phasing of
the Lambert arcs is determined, as well as A,,pg, Which
determines the relative weight distribution of m,,.4, and
mypg. The decision vector for the genetic algorithm
therefore contains:

Duration of the outbound transfer, At?;

Stay time at the asteroid, At ;

Duration of the inbound transfer, At!;
Departure date for the outbound transfer, t2,,,;
Mass fraction for MPE, Aypg.

akrowbdE

The departure and arrival dates, in combination with the
orbital elements of the targeted asteroid result in a
Cartesian state vector for the asteroid, which is used to
find the Lambert arcs. The Lambert solver used in this
paper is coded by lzzo in Python,? but translated to
MATLAB® to be used in conjunction with the built-in
genetic algorithm functions in MATLAB®. From the
Lambert arcs, the AV's associated with the various orbit
transfers can be found. By changing the phasing of these
transfers, the AVs can then be optimised. In order to
increase the likelihood of locating a global optimum, the
genetic algorithm is run 25 times, initialised with a
different seed for each run. The genetic algorithm uses a
population of 200 individuals, a uniformly distributed
random initial population, and all remaining default
options for the setup of the algorithm.

Bounds on the parameters of the decision vector are
provided in Table 2. In addition, non-linear constraints
are enforced to ensure that the resource mass to sell at
Earth is positive (i.e., my.,, <m,) and that the

* Inflated using 2018 NASA New Start Inflation Index,
nasa.gov/offices/ocfo/sid/publications, accessed on
August 81, 2019.

structural coefficient fulfils during all phases of the
. dry mass
transfers, i.e. ———

wetmass U

Table 2. Bounds on Decision Vector Parameters.

Parameter Minimum Maximum
At° 2 months 2 years
Atgrqy 3 weeks 2 years

At! 2 months 2 years

tf{ep Jan 1, 2025 Dec 31, 2054
AmpE 0 1

Target selection

The asteroids targeted in this paper are taken from the
JPL Small-Body Database Search Engine." The range of
orbital elements for suitable asteroids can be found in
Reference [6]. This includes a margin to ensure that no
viable asteroids are dismissed just outside the bounds
due to changes in the mission scenario:®

e Semi major axis: 0.8 < a < 1.2 AU;
e Eccentricity: 0 < e < 0.15;
e Inclination: 0 < i < 4.0°.

All NEAs within these ranges are considered. As noted
earlier, the absolute magnitude of the NEA is also taken
into account, since the recoverable volatile mass can be
approximated using the absolute magnitude. The subset
of NEAs considered in this paper, defined by the above
ranges for orbital elements, are observed with absolute
magnitudes ranging from 21.7 to 31.1, with a distribution
given in Figure 2. An estimate of the available resource
mass can be determined using Eq. (11) and is given for a
range of absolute magnitudes in Table 3. Note that it is
assumed that all the NEAs considered are C-type
asteroids.

401
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Figure 2. Distribution of Absolute Magnitude of
NEA Subset.

T ssd.jpl.nasa.gov/sbdb_query.cgi, accessed on August
27", 2019.
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