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The Near-Earth asteroids (NEAs) may be the most promising targets for resources to be used for space
manufacturing. Metals, semiconductors and volatiles from asteroids can be used for production of propellant,
space constructions and life-support of crewed missions. An assessment of accessible resources and selection of
best asteroids-candidates implies a mission analysis together with a compositional data. The ECOCEL database is a

web-based tool developed at ISAE-SUPAERO for selection of asteroids-candidates for future space mining mis-
sions. The database contains 326 NEAs. For each object, the database includes (i) one-way and round-trip
rendezvous mission opportunities computed for 2025-2050 launch period, and (ii) estimated composition
inferred from spectral classification and meteorite analogs. The web-application enables searching for suitable
target asteroids while specifying mission constraints. In addition, the ECOCEL tool provides a visualisation of
compositional data for the entire sample of asteroids.

1. Introduction

Asteroid materials may provide valuable resources for the future
space manufacturing. In recent years, this concept has been studied for
technological and economical viability to support the developing space
infrastructure of deep-space and cislunar missions (Oleary et al., 1979;
Jedicke et al., 2018; Probst et al., 2020). In particular, the near-Earth
asteroids (NEAs), containing metals and volatiles, may be the most
accessible resources to be used for space constructions, life support sys-
tems and propellant (Ross, 2001). In addition, volatile rich objects are of
scientific interest, containing a key information about the evolution of
the Solar System.

Within this context the multidisciplinary project ECOCEL (stands for
“Exploitation des Ressources des Corps Célestes”, in French) conducts
study on exploration and commercial exploitation of celestial bodies. The
objective of the project is to provide an overview and recommendations
about the potential of the space mining industry.

The selection of candidate asteroids for resource exploration lies in
two important criteria: composition and accessibility. The compositional
information defines possible resources for the mining, or in situ produc-
tion. The second factor, accessibility of targets, is commonly measured in
delta-V, the required velocity changes expressed in km/s. Depending on
mission scenario, the assessment of delta-V may include optimal delta-V
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solutions for both the outbound and return transfers, and also a delta-V
for a bounded Earth orbit of departure or final capture. First order esti-
mations in various studies (Binzel et al., 2004; Elvis et al., 2011; Yarnoz
et al.,, 2013) show that the vast majority of NEAs are favorable for
resource exploitation, and even, accessible for human exploration mis-
sions (Zimmerman et al., 2010).

The best method to study asteroid composition is the in situ explo-
ration. To date, only four space missions have landed on NEAs: NASA's
Near-Shoemaker and OSIRIS-REx, and JAXA's Hayabusa and Hayabusa2
(see, e.g., Veverka et al., 2001; Lauretta et al., 2017; Fujiwara et al., 2006;
Tsuda et al., 2020). Bringing remarkable scientific results, spacecraft
missions to asteroids require however a very high technological and
financial contribution. To study the large population of NEAs by more
affordable means, the compositional estimation can be done using
available on Earth samples of meteorites and spectral characteristics of
asteroids from observations by telescopes (Cloutis et al., 2014). The
observed spectral properties of NEAs are available from several projects,
such as NEOSHIELD-2 (Perna et al., 2018), MANOS (Devogele et al.,
2019), and MITHNEOS (Binzel et al., 2019). This last survey collected
and analyzed the spectra for more than 1000 NEOs.

Webster (2013) developed Asterank database, evaluating the economic
prospects of mining over 600,000 asteroids. The database was created by
using publicly available data and scientific papers. The majority of
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asteroids in the database have no spectral classification, and consequently
an accurate estimation of the cost of mining and composition are not
available. The NHATS (Near-Earth Object Human Space Flight Accessible
Targets Study) group maintains a database (NHATS, 2021) of asteroids
that may be well-suited to future human space flight round-trip missions.
This database also contains future observing opportunities of potential
mission targets. However, spectral types or estimated composition are not
provided. Another JPL maintained database, computed by Lance A. M.
Benner, provides rendezvous delta-V for 26193 asteroids. This database is
not constrained by human flight mission criteria, but doesn't include in-
formation about spectral classification or composition.

The ECOCEL database tool ecocel-database.com was designed for an
assessment of available resources of asteroids. In addition to existing
databases, the ECOCEL tool takes into account both: mission opportu-
nities and compositional estimation. The mission analysis was computed
for one-way and round-trip rendezvous missions. The estimation of
composition was inferred from spectral classification and meteorite links.
Furthermore, the ECOCEL web-application contains a data visualisation
tools, allowing user to make a data analysis from the set of asteroids.

This paper is organised as follows. First, the data set of considered
asteroids is presented. Then, the estimation of composition of asteroids is
described in Section 3. The description of the database with computed
launch opportunities between 2030 and 2050 is given in Section 4. The
interface of the ECOCEL web-application is presented in Section 5. The
main conclusion is summarised in Section 6.

2. Considered asteroids

Currently, there are over 20000 known NEAs (NASA, 2020). In this
work, the main information about asteroids, including physical and
orbital characteristics, is adopted from the JPL Small-Body Database
(Chamberlin et al., 2020). The ECOCEL database tool contains a subset of
NEAs with defined spectral types, resulting in a sample of 326 asteroids
from the JPL Small-Body Database. Two spectral classifications are
available: Tholen (Tholen) and SMASSII (Bus and Binzel, 2002). The
spectral classification is a key parameter enabling a preliminary assess-
ment of possible composition, and consequently resources.

The taxonomic information from the SMASSII system is available for
313 NEAs, and used here as the baseline classification. The data set is
completed by Tholen classes for 13 objects, with associated C and S groups
to the corresponding classes of SMASSII system. The distribution of taxo-
nomic types among the selected for the analysis asteroids is shown on
Fig. 1. The most common is the S-complex of silicaceous (stony) asteroids,

S-complex

8.6%

C-complex
10.1%
15.0%

Other

X-complex

Fig. 1. Asteroid spectral classes. S-complex denotes Sa, Sq, Sr, Sk, and Sl tran-
sition classes between plain the S-type and the S-group classes. S-group denotes
A, K, L, Q and R classes. C-group includes C- and B-types.
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including the plain S-type, transitional sub-classes (Sa, Sq, Sr, Sk, and SI)
and A, K, L, Q, and R types. This group of objects consists mainly on iron-
and magnesium-silicates. The X-type asteroids, constitute 15% of the
sampling. This group includes Tholen E, M, and P-types. E-type is related to
enstatite chondrite, while P-type to interplanetary dust particles (IDPs)
bodies (Vernazza et al., 2015). M-type is mostly related to iron meteorites.
However, not all objects are metallic: some of the M asteroids don't have a
high radar albedo, nor high density (Ockert-Bell et al., 2010), and some
present 3y absorption tracking hydration (Rivkin et al., 2000). The C-group
(carbonaceous) contains plain C-type and C sub-classes and B-type aster-
oids, forming around 8% of considered asteroids. Spectral features of each
class are described in detail in (Bus and Binzel, 2002).

3. Compositional estimation

The vast majority of meteorites is originated from asteroids,
providing a unique information about parent bodies. Dynamical models
of the Solar System show that most of meteorites were transferred to
near-Earth region from the main asteroid belt after entering in mean-
motion or secular resonances (Granvik and Brown, 2018). Various
meteorite-asteroid linkages have been proposed, connecting meteorite
types to specific asteroid spectral classes (Cloutis et al., 2014).

The compositional interpretation from taxonomic types of asteroids
and the links with meteorites is an inverse problem, and may involve
ambiguities. The meteorite-asteroid linkages are usually not very certain
due to non-unique spectra of asteroids' surfaces. Hence, different meteorite
types may be linked to the same spectral class of asteroids. Table 1 sum-
marises linkages of asteroid classes and possible meteorite analogs. This
information is combined from McSween and Huss (2010), Binzel et al.
(2019), Greenwood et al. (2020) and adopted in this work as input data.
Then, chemical compositions of meteorites are adopted from McSween and
Huss (2010) and assigned as an estimated composition to each asteroid.

3.1. S-complex asteroids

The S-complex of asteroids takes most of the data set: 214 objects,
namely 66%.

The A-type of S-complex can be linked to pallasites or branchinites,
which are likely to be samples of the same core as IIAB iron meteorites
(Haack and McCoy, 2004), and consequently, we assume, have the same
composition. The K-type can be linked to carbonaceous chondrites (CV
and CO), and the L-type is associated to CAl-rich (rich in

Table 1

Meteorite types linkages for different asteroid taxonomic classes. The table
compiles data from McSween and Huss (2010), Vernazza et al. (2015), Binzel
et al. (2019), Greenwood et al. (2020).

Group Spectral class SMASSII
(Bus and Binzel, 2002)

Possible meteorite analogs

S-complex A pallasites, brachinites
K CV, CO, C3-ung.
L, Ld CAl-rich®

S, Q, R, Sa, Sk, SI, Sq, Sr 0C", PAS, achondrites

C-complex C, Cb, Cg, Ch, B CM, CI, urelites, CR, K
X-complex Xe aubrites

X, Xk, Xc M, EH¢
Other D, T C2-ung., IDPs®

[0} LorLL

v HED'

@ Rich in Calcium-aluminium inclusions (CAI-rich).

b Ordinary chondrites (OC) include L, LL, H.

¢ Primitive achondrites (PA) and achondrites include angrites, acapulcoites-
lodranites, winonaites, ureilites.

d Enstatite chondrites (EH).

¢ Interplanetary dust particles (IDPs).

f Howardite-eucrite-diogenite (HED).
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Calcium-aluminium inclusions) meteorites which abundance increases
from CO to CV (McSween and Huss, 2010).

The sample from Dunn et al. (2013) has S-type (including sub-types), Q-
and K-types and a few V- and O-types, and crosses with 45 asteroids from our
data set. We link other objects in the S-complex to ordinary chondrites
meteorites, according to thr results from Itokawa and Hayabusa-1 missions
(Binzel et al., 2004; Nakamura et al., 2011). For these objects, we set the
estimated composition as the average between H, L and LL types.

3.2. Other spectral types of asteroids

Using the Bus and Binzel (2002) taxonomy, the C-complex asteroids
are probably hydrated carbonaceous chondrites (e.g. CI or CM). The
average chemical compositions of CI and CM chondrites is provided by
McSween and Huss (2010), and shows a high presence of Fe, Si and Mg
elements. The CI and CM chondrites are also more oxidized than other
chondrites with about 44 wt% of oxigen in chemical composition.

The X-complex includes objects with spectra close to that of enstatite
chondrites, aubrites, and iron types of meteorites. Besides a few objects
from Dunn et al. (2013), which showed a resemblance with ordinary and
carbonaceous chondrites, in this work we adopt the composition aver-
aged by major iron meteorite groups from Haack and McCoy (2004).

The D- and T-class are associated with the C2-ungrouped, for which
we use the averaged composition of hydrous carbonaceous chondrites
CM, CR (Howard et al., 2015), containing about 18 wt% of water. The
O-type is a rare spectral class, matching to the spectra of L and LL ordi-
nary chondrite meteorites (Bus and Binzel, 2002). The V-type asteroids
have a unique spectra and suggest a more definitive connections, such as
between the asteroid Vesta and HED meteorites. The two unclassified
asteroids, U-type, in our data-set for simplicity were also connected to
HED meteorites accordingly to Chapman et al. (1978) and albedo values.

4. Trajectories database

The ECOCEL database ecocel-database.com holds trajectories for two
classes of missions: one-way (Earth-to-asteroid) and round-trip (Earth-
asteroid-Earth) missions, and collects 20 solutions of each class for each
asteroid. The mission analysis for each asteroid in the database was
performed for mission opportunities over 2025-2050 launch period. The
computed trajectories in the database were found with the approxima-
tions listed below.

4.1. Methods, approximations and limitations

Constraints and parameters, listed below, are also summarised in
Table 2.

Ephemerides. The ephemeris of Earth and asteroids were provided
by the SPICE kernel files of the NAIF service (Annex et al., 2020; Acton,
1996).

Two-body approximation. Lambert's problem solver was used to
find impulsive heliocentric transfer trajectory between Earth and

Table 2
Constraints and parameters for trajectories search.
Parameter Value
One-way Round-trip

Earth launch window Jan 1, 2025 to Jan 1, 2050

Launch date step 8 days 10 days
Mission duration 450 days 450 days
Time of flight step 10 days 15 days
Stay at NEA >8 days
Constraints for optional calculations

Departure parking LEO altitude 400 km 400 km
Maximal Earth atmospheric re-entry velocity 12 km/s
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asteroids with the optimal transfer segment that makes up to two revo-
lutions around the Sun.

Sampling of parameters. Launch dates and mission duration form a
discrete time space. For the one-way missions, the launch date and the
time of flight were varied with 8-days and 10-days steps respectively. For
the round-trip missions, the departure from Earth, the inbound and
outbound times of flights, and the departure from asteroid were varied,
and combined according to constraints on the total mission duration and
the stay on asteroid. The trajectories were computed with 10-days steps
for departure dates and 15-days steps of duration of inbound and
outbound paths.

Launch window. The trajectories were computed for possible de-
parture from 2025 01-01 to 2050-01-01.

Mission duration. The solutions stored in the database were
computed for maximal duration of 450 days.

Stay at NEA (for round-trip missions only). The minimal stay at
asteroid was set to 8 days.

Optimal solutions. The database collects 20 best solutions, mini-
mised by the sum of departure and arrival v, the hyperbolic excess
velocities with respect to departure and arrival bodies, respectively.

Patched-conics. The database also provides the delta-V manoeuvres
cost for a launch from a parking low Earth orbit (LEO), a 400 km altitude
circular orbit. Another additional manoeuvre is for an Earth atmospheric
entry, required when the spacecraft's speed at Earth arrival is more than
12 km/s at an altitude of 125 km. These delta-V calculations use the two-
body patched conics approximation, and detailed below.

4.2. Computation of manoeuvres

As pointed in the approximations for the trajectory search, the Lam-
bert's problem solver was used for the discrete grid formed by launch
dates and mission duration. The Lambert's problem solutions provide the
required velocity change at a given moment to insert the spacecraft into
the heliocentric transfer from Earth to NEA, or from NEA to Earth.
Namely, this solution provides the hyperbolic excess velocity v,, at de-
parture and arrival to the celestial body - Earth or asteroid. The trajec-
tories, stored in the database, were optimized by the sum of four v:
velocities at departure from Earth, at arrival to asteroid, at departure
from the asteroid and at arrival to Earth. In addition, the manoeuvres for
the departure from a parking orbit and at the atmospheric re-entry are
provided in the ECOCEL tool. These values are computed from the ob-
tained values of excess velocities.

Earth departure. The hyperbolic excess velocity vector on exiting the
Earth's sphere of influence (SOI) can be expressed as: v, = Vs — Vg where
vsc and vg are the velocities of the spacecraft and the Earth relative to the
Sun. Namely, vy is the velocity that the spacecraft has to have to reach
the asteroid, and can be found from the solution of Lambert's problem.

Let the trajectory design assume a departure from a parking 400 km
altitude LEO. The delta-V of the insertion into the interplanetary orbit
from the parking orbit can be computed as the difference between the
velocity needed at the perigee to join a hyperbola with the required v,

\/ Zr—P" +v2, (Bowell et al., 1989) and the velocity of the spacecraft on the

parking orbit, \/% Hence, this manoeuvre is computed as: Ay; =

A /Zr—P" +v2 — \/%, where 1, is the radius of the parking LEO, namely Ry +
400 km where Rg is the radius of Earth; p is the Earth's gravitational
parameter (the constants are from the NAIF service (Annex et al., 2020)).

Asteroid arrival and departure. The delta-V of rendezvous corre-
sponds to the maneuver required for the spacecraft to match the aster-
oid's speed and direction, and is calculated as the difference between
velocity vectors of two objects. Namely, it is the hyperbolic excess ve-
locity of the spacecraft v, = Vsc — VNga, Where v and vygs are the as-
teroid's velocities relative to the Sun, and are obtained from the Lambert's
problem solution. The maneuver to depart the NEA is estimated similarly:
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Fig. 2. Mission constraints form.
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where v, and v, are asteroid hyperbolic arrival and departure ma-
noeuvres, respectively.

Earth arrival. Returning to Earth, the spacecraft with mined re-
sources or attached to an entire asteroid can be repatriated into an orbit
in cis-lunar space. To minimise the manoeuvre required for capturing
into a bounded orbit the asteroid-spacecraft system should have the ve-
locity at the sphere of influence (SOI) of Earth as low as possible.

In the case of asteroidal sample return to Earth, in order to prevent the
capsule from destruction by the atmospheric drag, the allowed atmo-
spheric entry speed may be limited by technical constraints. In the
ECOCEL tool, this speed is arbitrary limited at 12 km/s at the altitude of
125 km, and a manoeuvre to fulfill this condition is computed, using the
following formula:

2p

AVz = -
rn

+ Vﬁo — Viimit (2)
where ry is Rg + 125 km and Vi = 12 km/s.
5. Interface of online tool

The ecocel-database.com web-application is a tool that allows a user
to find mission opportunities to asteroids within specific constraints.

5.1. Mission opportunities search

The mission constraints form (Fig. 2) allows users to specify the
mission type - one-way or round-trip, or to enable both types. A user can
set the acceptable launch windows from 2025 to 2050. The user can then
constrain the mission duration and the total delta-V. Next, the parameters
of suitable target asteroids can be specified: spectral types, diameter and
orbit condition code. This last parameter is provided by JPL Small-Body
Database (Chamberlin et al., 2020) and classifies the accuracy of aster-
oid's orbit resolution.

The specification of all the parameters is optional, and allows users to
filter the solutions available in the database. If the parameters are not
specified, all the mission opportunities are displayed. The solutions are
then displayed in a table, which can be downloaded on .pdf and .csv
formats. For each object, only one solution, which meets given con-
straints and corresponds to the minimal delta-V option, from the data-
base is shown in the resulting table.

5.2. Target selection

A target asteroid available in the database can be chosen on a dedi-
cated to search by asteroid's name or designation tool Asteroids. Alter-
natively, from the list of objects that were found to meet the user's
mission constraints, any specific asteroid can also be selected to display
further details in a separate page. This page provides additional

information about the selected target asteroid, such as its name (if
applicable), spectral type from the JPL Small Body Database (Chamberlin
et al., 2020) and estimated diameter, also from the JPL Small Body
Database or computed as described in 5.3.2. The page also contains an
estimated composition of the target asteroid, derived from a linked
meteorite type (Binzel et al., 2019; McSween and Huss, 2010) (Fig. 3).

For the selected target asteroid and corresponding to user's con-
straints, if there any, two solutions are summarised in the tables for one-
way (Earth-to-asteroid) and round-trip (Earth-asteroid-Earth) trajec-
tories. The table of one-way rendezvous mission contains the following
parameters: departure from Earth and arrival to asteroid dates, time of
flight, Earth departure v,,, LEO departure delta-V, asteroid arrival delta-V
and the total mission delta-V. The table of round-trip rendezvous mission
contains the same parameters, and additionally: duration of stay on NEA,
time of inbound flight, delta-V to depart NEA, Earth arrival v, and the
delta-V at Earth's atmosphere re-entry (if required).

Estimated composition @

[

The composition is estimated with assumed linkage to meteorite type: CM to Cl chondrites.

Fig. 3. Example of Bennu asteroid's estimated composition.

Fig. 4. Example of available round-trip solutions in the database.
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Round-trip missions

Fig. 5. Distribution of minimal delta-V values over 2020-2050 launch period.

e-way missions

or

¥ asterol

Round-trip missions

¢ asterolds

Fig. 6. Distribution of minimal delta-V values for the sample of 326 NEAs.

Besides the provided solution, two displayed plots provide all the 20
solutions stored in the database for both one-way and round-trip missions
(example on Fig. 4).

5.3. Data analysis

The ECOCEL web-application includes Data analysis page, dedicated
for a visualisation of data about accessibility and composition of potential
targets.

5.3.1. Mission opportunities

The mission opportunities from the database are shown on diagrams
of minimal delta-V values for each asteroid over 2020-2050 launch
period (see Fig. 5). Fig. 6 shows the distribution of minimal delta-v values
for the sample of 326 asteroids from the database.

5.3.2. Diameter distribution
Diameter of asteroids in the database is either provided by the JPL
Small-Body Database or estimated from the absolute magnitude and

Estimated diameter, km

Fig. 7. Diameter distribution for the sample of 326 NEAs.

average albedo values by the following formula [37]:

D= @ 10—0.2H (3)

VPV

where H is asteroid's absolute magnitude and py is geometric albedo. This
expression assumes the asteroid is a spherical object, with possible al-
bedo range from 0.15 to 0.03. This rough estimation of the diameter is
provided in the database table. For the visualisation of the diameter
distribution (see Fig. 7) the mean value from the possible diameter's
range was used.

5.3.3. Compositional analysis
The ECOCEL web-application includes a visualisation of distribution
of asteroids, containing a specific possible resource, as a function of

Round-trip missions
(51 asteroids)

@ 20% 18% 1%
o °
., ° o o
P
- o
° ° ®
o °
o ® o
° o
.
B °
® . » °

Fig. 8. Asteroids containing water. Distribution according to diameter and
delta-v for round-trip rendezvous missions.
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@ 233 4.8% 8.5%

Fig. 9. Asteroids containing Fe (a), Mg (b), Si (c) and O (d). Distribution according to diameter and delta-v for round-trip rendezvous missions.

diameter and delta-V of the round-trip or one-way rendezvous missions.
For instance, Fig. 8 shows the distribution of asteroids, with estimated
water inclusions, and their accessibility expressed in delta-V values for
round-trip missions. Fig. 9 shows asteroids containing iron, magnesium,
silicon and oxygen.

6. Conclusions

The ECOCEL web-based tool ecocel-database.com is developed for a
preliminary analysis of mission opportunities to asteroids. This paper
describes the construction of the ECOCEL database, and the use of web-
tools for searching and visualisation of required data.

First, the paper provides an overview of available asteroids in the
database, their spectral classifications and explains the rough estimation
of their composition. The compositional estimation is based on linkages
of asteroids with meteorites. Then, the computation of mission parame-
ters, including delta-v budget, mission duration, and optimal launch
windows over 2025-2050 period is described. The transfer trajectories
were found using two-body Lambert problem approximation and ephe-
merides of JPL HORIZONS system. The utilisation of the web-tool for
searching transfer trajectories for one-way and round-trip rendezvous
missions enables to introduce constraints on mission parameters and
asteroid characteristics. Then, a suitable target asteroid can be selected
for a detailed analysis of mission opportunities and chemical composi-
tion. Finally, a visualisation of potential resources, such as metals and
volatiles, summarised for all asteroids in the database is presented.

The ECOCEL web-based tool allows to make preliminary mission
target selection and provides an overview of a relatively small sample of
asteroids, which is about 1% of the total NEAs population. In a future
phase of the project, the database can be extended by additional sources
of taxonomically classified asteroids, such as NEOSHIELD-2 (Perna et al.,
2018), MANOS (Devogele et al., 2019), and MITHNEOS (Binzel et al.,

2019). In addition, a further mission design can be extended to a more
complex analysis, including additional manoeuvres, gravity assists,
implementation of low-thrust propulsion.
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