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A MULTI-FUNCTIONAL PAINTBALL CLOUD
for asteroid deflection

SUNG WOOK PAEK1, OLIVIER L. DE WECK2, Department of Aeronautics and Astronautics, and SANGTAE KIM3 Department of
Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, MA02139 USA
email paek@alum.mit.edu1, deweck@mit.edu2, ranohkim@gmail.com3

In this paper, the so-called “smart cloud” concept for asteroid deflection is further developed by (1) utilizing each particle
as a container for paint powder and (2) deploying multiple “paintball” clouds to paint the entire surface of an asteroid. This
permits deflecting an asteroid by means of a low-thrust, long-duration solar radiation pressure as well as kinetic impacts
from the paintball clouds themselves. Additional deflection achievable with this albedo-changing strategy is investigated for
a sample case of 99942 Apophis. Further applications of multi-functional clouds and future work are also discussed.

Keywords: Asteroid deflection, Smart cloud, Paintballs, Albedo alteration

1

INTRODUCTION

A wide variety of methods have been proposed so far for deflection of near-Earth asteroids (NEAs), or asteroid impact avoidance [1-6]. These approaches can roughly be classified by the
duration of momentum transfers. First, short-duration deflection methods are:
•
•
•
•
•
•
•
•

Kinetic impactor
Kinetic impactor with explosives
NEO-to-NEO collision
Standoff nuclear detonation
Surface/subsurface nuclear detonation
Magnetic flux compression
Chemical rocket
Smart cloud

Secondly, long-duration methods include:
•
•
•
•
•
•
•
•
•

Gravity tractor
High specific impulse (Isp) rocket
Mass driver
Ion beam shepherd
Albedo alteration
Laser ablation
Solar ablation
Standoff/surface solar sail
Electric solar sail

Schaffer et al. [1] applied six of these deflection methods (kinetic impactor, standoff nuclear detonation, chemical rocket,
gravity tractor, high Isp rocket, and mass driver) to three sample
NEAs (Apophis, D’Artagnan, and Athos), and the evaluation
results incorporating effectiveness, technology, and cost metrics are presented in Table 1. Standoff nuclear detonation, kiThis paper was presented at the 63rd International Astronautical
Congress, Naples, Italy, 1-5 October 2012..
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NOMENCLATURE
a
semi-major axis of an object’s orbit around the Sun
D
asteroid diameter
e
eccentricity of an asteroid’s orbit around the Sun
K
deflection coefficient
n
orbital mean motion of an asteroid
R
asteroid radius
S
solar radiation pressure
T
orbital period of an asteroid (“1 asteroid day”)
t
time
α
light incidence angle
∆ζ
deflected distance
η
fill factor
Λ
scattering factor
µ
standard gravitational parameter
Ϛ
albedo
ω
spin angular velocity of an asteroid
×
scalar multiplication
.
vector inner product

netic impactor, and gravity tractor are preferred for Apophis,
whose deflection requirement (miss distance of 60km or delta-v of 0.1mm/s) is relatively lenient. However, standoff nuclear
detonation performed the best and gravity tractor performed
the worst for the other NEAs, whose deflection requirements
(miss distance of 5 Earth radii or delta-v of 150 mm/s) are
much more difficult to achieve.
Although standoff nuclear detonation is preferred in every
case, this method involves considerable contingency risks risks
such as radiation spillage from launch failures or uncontrolled
fragmentation of NEAs after detonation, which are unaccounted for in this analysis. The NASA report to Congress also considered impulse-based and slow-push-based deflection methods and reaffirmed the conclusion that (1) nuclear detonation
is the most effective of all and that (2) kinetic impactor is the
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TABLE 1 Comparison of NEA deflection methods for sample NEAs

Best

Worst

Apophis

D'Artagnan and Athos

Kinetic impactor,
Standoff nuclear,
Gravity tractor

Standoff nuclear detonation

High Isp rocket

Gravity tractor

second most effective (or the most effective non-nuclear alternative) [2]. Slow-push methods ranked low in both effectiveness and technology readiness as a whole, but amongst them
gravity tractor had a relatively high potential compared to the
others.

of momentum transfer is the same, but additional features are
added by utilizing particles as containers and deploying multiple clouds (particle swarms) in a strategic way. The details of
the mission concept will be discussed in the next section.

Izzo proposed a simplified formula to calculate the asteroid
deflection applicable for both the kinetic impact strategy with
short duration and the low thrust strategy with long duration
[7]. A sample analysis for Apophis led to a similar conclusion
that a kinetic impact could achieve more deflection with smaller spacecraft mass than a long-duration low thrust. Amongst
recently proposed methods, a smart cloud approach by Gibbings utilizes a dense swarm of miniscule particles over an extended region to transfer momentum to an asteroid [3]. This
combines advantages of more conventional methods: a high
relative velocity achievable from the ion beam shepherd concept and relatively simple implementation of a kinetic impactor
from the power or GNC (guidance, navigation, and control)
subsystem’s point of view. Furthermore, the impact of each particle in the cloud will not exceed the breaking limit of an asteroid, reducing uncertainties caused by the fragmentation and
disruption of an asteroid. On the Pareto front between mass efficiency and deflection distance, the smart cloud approach was
shown to outperform the ion beam shepherd concept and the
low thrust tug for NEAs with highly elliptical orbits.

2

In this paper, a variant of this smart cloud approach is introduced, termed a “paintball cloud [8].” The basic principle

MISSION CONCEPT OVERVIEW

The smart cloud proposed by Gibbings consists of small silicon or gallium-arsenide microchips. Similarly, each particle in
a paintball cloud would be made of silicon or other materials.
However, the particle is now in a hollow form, like medicine
capsules, to contain paint powder to alter the albedo characteristic of an asteroid when released. Also, the cloud is split into
two, as illustrated in Fig. 1. When the asteroid hits the 1st cloud,
momentum exchange and the coating of a hemisphere occurs
at the same time as the paintballs break and release the paint
powder inside. The asteroid keeps rotating and shows the other
hemisphere when it reaches the 2nd cloud, completing the coating of the entire surface upon impact. The two clouds should
be separated by a distance of 0.5Tv, where v is the approach velocity of the asteroid viewed from the second cloud upon the
impact of the first cloud and T is the rotation period of the asteroid. As long as the total mass and the relative velocity are the
same, a single cloud originally proposed by Gibbings and the
newly proposed two or more paintball cloud in this paper will
achieve the same deflection effects, as will be shown in the next
section. The direction of the angular velocity vector of the asteroid is important to guarantee the uniform coating of the paint

Fig. 1 Paintball cloud mission concept: (a) before collision with the 1st cloud (b)
after collision with the 1st cloud (c) before collision with the 2nd cloud (d) after
collision with the 2nd cloud.
JBIS Vol 71 No.3 March 2018 83
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Fig.2 Geometric relationship between the asteroid approach velocity vector (black) and the
asteroid rotation angular vector (white): (a) perpendicular (b) oblique (c) parallel.

powder. If we define the b-plane as the plane perpendicular to
the asymptotic approach velocity of the asteroid, with the origin
at the center of mass of the second cloud, the angular velocity
vector must reside in the b-plane to cover the entire surface of
the asteroid, as illustrated in Fig. 1 and Fig. 2(a). It can be said
that the angular velocity and the linear velocity are perpendicular in Fig. 2(a) if the b-plane concept is not used. If the angular
velocity vector is out of b-plane at an oblique angle, some portion of the asteroid will remain uncoated as in Fig. 2(b). Figure
2(c) shows the worst case where the angular velocity vector is
normal to the b-plane (or the angular velocity vector and the
linear velocity vector are parallel); in this case, the two clouds
will paint exactly the same hemisphere twice. To prevent premature crushing of pellets, it is likely that they would have to
be manufactured in orbit rather than being launched from the
ground. Also, the spacecraft should carry them to the asteroid
with a continuous low thrust such as electric propulsion rather
than impulse transfers from chemical rocket engines.
3.

MODELING AND SIMULATION

The newly proposed method involves both impulse-based deflection and slow-push-based deflection. These two components greatly differ from one another in terms of force magnitude (dynamics) and force duration (time scale). Therefore,
they are modelled separately and compared against each other
in this paper.
3.1

Kinetic Impact Deflection

To calculate the asteroid’s deflection induced by one drag cloud
in Gibbings’ method, Izzo’s kinetic impact formula is used [7],
as shown in Eq. (1). The formula calculates the deflected distance via kinetic impact (∆ζ) based on the orbital motions of
the Earth, the asteroid, and the kinetic impactor (a drag cloud
in this case). The list of variables used in Eq. (1) is provided in
Table 2.
In Equation 1, aasteroid is the semi-major axis of an asteroid’s
orbit around the Sun, or simply the distance between an asteroid and the Sun; μSun is the standard gravitational parameter

TABLE 2 List of variables used in asteroid deflection calculation
Earth

Asteroid

Cloud

Velocity
(vector)

v Earth

v Asteroid

v Cloud

Distance
from the Sun

aEarth

aAsteroid

Mass

mAsteroid

mCloud

of the Sun; vEarth is the magnitude of the Earth’s heliocentric
velocity; K = 3aasteroidvEarthsin θ /μSun is the deflection coefficient.
Since v is the heliocentric velocity or the velocity with respect
to the Sun, (vcloud − vasteroid) represents the drag cloud’s velocity
relative to the asteroid. The angle θ is measured between two
velocity vectors, vEarth and (vcloud − vasteroid), as depicted in Fig.
3. Finally, ∆t is the time interval between the cloud-asteroid
collision and the asteroid-Earth collision. It is also termed the
start time of the deflection maneuver in this paper, called “start
time” for short.
If the single drag cloud is separated into the 1st and the 2nd
as proposed, the total deflection remains unchanged. Equation
(2) shows that the deflected distance is the sum of contributions from the 1st cloud and the 2nd cloud. The deflection term
∆ζ in Eq. (2) is identical to that in Eq. (1) if ∆t>>T and masteroid>>mcloud. In other words, the asteroid’s rotation period (T)
must be much shorter than the time left until asteroid-Earth
collision (∆t), and the cloud mass must be negligible compared
to the asteroid mass, both of which are true in most cases.
In Equation 2 opposite, θ = π/4 is assumed and vEarth = (μSun/
aEarth)1/2 where aEarth is the distance of the Earth from the Sun,
yielding K = 3aasteroid/(2μSunaEarth)1/2. Also, (vcloud − vasteroid) and vasteroid are assumed to be parallel, making their dot product simply
be the multiplication of their magnitudes. Taking all of these
assumptions into account, we arrive at Equation 3.

(1)
84 Vol 71 No.3 March 2018 JBIS

A MULTI-FUNCTIONAL PAINTBALL CLOUD for Asteroid Deflection

Fig.2 Paintball cloud mission concept: (a) from the inertial frame with respect to the Sun (b) from a bodyframe attached to the clouds (c) from the inertial frame with the Sun and the Earth (not to scale).

(2)

(3)

3.2

Solar pressure deflection

The solar radiation pressure (SRP) enhanced by the paint coating that changes the asteroid’s albedo produces a thrust that is
always in a radial direction away from the Sun. The acceleration
vector and the velocity vector of an asteroid are nearly perpendicular, especially in a low-eccentricity orbit, and Izzo’s formula is not very suitable for dealing with this situation. Therefore,
an approximation of the deflection caused by SRP is used here.
Equation 4 illustrates the force on a spherical asteroid due
to SRP [9], where Λlight is the scattering factor of light, ςasteroid is
the asteroid’s albedo or reflectivity, ηcoating is the areal coating fill
factor (assumed to be 1). The reflection of sunlight can have
any angle between 0 and π, so the scattering factor is set to be
4/(3π) by Vasile and Maddock’s definition [9]: that is, 1/π times
the integration of |cos3α| over the incidence angle (α) range between 0 and π. The two-dimensional surface area π(Dasteroid)2/4
is of the asteroid is used for calculating force exerted by solar
radiation pressure. The last term S1AU/aasteroid2 is an effective solar pressure obtained by dividing the solar radiation pressure at
1 astronomical unit (S1AU) with the square of distance between
the asteroid and the Sun (in AU). The value of SSRP, 4.5 ×10-6 N/
m2 is calculated by dividing the solar constant 1361 W/m2 by

the speed of light [10]. The change of the asteroid’s semi-major
axis due to a perturbing force is given in Equation 5 [4], where
the delta force term (∆FSRP) is the difference in solar radiation
forces before and after albedo alteration.
If the force after albedo alteration is larger than the force
before albedo alteration (∆FSRP>0), the asteroid will be pushed
away from the Sun (daasteroid/dt > 0). The mean motion of an
asteroid nasteroid = (μSun/aEarth3)1/2 is the angular velocity at which
the asteroid is revolving around the Sun. After linearization,
the deflection caused by SRP becomes [4]:
(6)

In the equation above, the deflection distance (∆ζSRP) has
a subscript SRP so that this SRP-induced deflection is distinguishable from the kinetic impact deflection (∆ζ) discussed in
Section 3.1. If albedo alteration should entail significant temperature changes, thermal protons emission (Yarkovsky effect)
might also alter the asteroid’s trajectory, but the heating and
deflecting effects would be minimal in the proposed method
[9, 11].

(4)

(5)
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3.3

Sample Asteroid

TABLE 3 Characteristics of 99942 Apophis
Parameters

To simulate a hypothetical asteroid-deflecting mission, the orbital elements and physical parameters of 99942 Apophis are
used. This asteroid has close encounters with the Earth in 2029
and 2036, and was once considered by the European Space
Agency as one of the potential targets for the asteroid-deflecting mission, Don Quixote, in which the impactor portion of the
spacecraft would collide with an asteroid [12]. Although the orbit of Apophis is slightly elliptical, a circular orbit is assumed
here to simplify the calculation of the SRP deflection distance.
The characteristics of Apophis are summarized in Table 3 [13].
4

Eccentricity

RESULTS AND DISCUSSION

Based on aforementioned physics models and asteroid parameters, a case study of Apophis deflection mission is developed in
this section. Deflected distances achievable via two modes, the
kinetic impact mode and the solar radiation pressure mode,
are analyzed.
4.1

Mission Design

As mentioned earlier in the mission overview, each paintball
is made of a hollow silicon shell containing albedo-changing
paint powder. Polytetrafluoroethylene (PTFE) has been considered as the paint for a surface albedo treatment system
concept, where a spacecraft orbits an asteroid and sprays the
albedo-changing powder through a tribo-ionization tube [14].
PTFE is a white synthetic fluoropolymer of tetrafluoroethylene
((C2F4)n), most widely known as Teflon. It is very non-reactive, resistant to degradation below 260°C, and can be easily
colour-treated for any albedo values. Encapsulating PTFE in
paintballs can prevent the clogging of the paint powder and
help evenly distribute the coating on the asteroid’s surface. As
a conservative estimate, however, it is assumed that the overall
albedo of Apophis is raised from 0.33 to 0.67. The diameter
of each paintball should be on the order of millimetres or less
to provide enough deposit thickness and the wide spreading
of paint powder at the same time. The dimensions of each
paintball are subject to further modeling and optimization. As
a first-hand mass budget, a PTFE mass of 5000kg is assumed,
which can cover the entire surface of Apophis with a thickness
of 10 μm. An additional mass of 50% was added to account
for the shell mass, resulting in a total mass of 7500kg for the
two paintball clouds. When high Isp rocket engines are used

Value

Units

Comments

0.191

Semi-major axis

0.922

AU

Orbital speed

30.728

km/s

average

Mass

2.7×1010

kg

assumed

Diameter

270

m

Rotation period

30.4

hours

Orbital period

270

days

Albedo

0.33

Temperature

323.58

geometric
K

for orbit transfers, this amount of payload can be delivered by
launch vehicles comparable to Proton-K [6]. For Apophis to
“flip” by its rotation, it takes 15.2 hours, or one half of its rotation period, so the separation distance between the two clouds
is proportional to the relative velocity, as shown in Fig. 4.
4.2

DEFLECTION PERFORMANCE

Figures 5 and 6 shows the deflection distances achievable by kinetic impacts (KI) and solar radiation pressure (SRP), respectively. The KI deflection is proportional to the product of the
relative velocity (|vcloud − vasteroid| in Fig. 3) and the time interval
(∆t), which is the available time between the paintball cloud
impacts and the Earth encounter. On the other hand, the SRP
deflection is independent of the relative velocity and proportional to the square of the impact time. These trends can be
seen from Eq. (3) and Eq. (6), too. In general, the SRP deflection is much smaller than the KI deflection. However, the contribution of SRP grows drastically when the relative velocity
is small and the start time is long, which corresponds to the
bottom and right region in Fig. 7. If the relative velocity is less
than 10km/s and the deflection time available is more than 20
years, SRP can provide as much as 20% of total deflection distance which is shown in Fig. 8.
5

CONCLUSION

A concept of utilizing paintball clouds for asteroid deflection
was introduced in this paper. The paintball clouds are multifunctional in that they can deflect an asteroid in two modes with
the same mission. In the primary mode, two consecutive kinetic impacts transfer momentum to an asteroid by means of the
mass and relative velocity of the clouds themselves (short-term
effect). In the secondary mode, the asteroid is slowly deflected
from its original path by solar radiation pressure after the overall albedo has been changed by the paint powder released upon
the previous impacts (long-term effect). Although the shortterm effect is usually greater than the long-term effect, the latter
can reach a significant portion of the former if the achievable
relative velocity is small and the deflection begins early.

Fig.4 Separation distance between two paintball clouds.
86 Vol 71 No.3 March 2018 JBIS

Despite these advantages, the paintball cloud approach
would involve higher complexity compared to the original
smart cloud approach in terms of pellet manufacturing and
multiple-clouds deployment. The following courses of action
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Fig.5 Deflection achievable by kinetic impacts from paintball
cloud momentum.

Fig.7 Ratio of deflection by kinetic impact (KI) to deflection by
solar radiation pressure (SRP).

Fig.6 Deflection achievable by albedo changes from paint powder.

Fig.8 Total deflection achievable by combination of kinetic impacts
and albedo changes from paintball clouds.
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are required in order to refine this approach further and justify
its utility beyond an order-of-magnitude comparison:

•	The physics model for predicting paintball cloud dispersion, paintball breaking, and paint powder release
should be developed. Existing models for space debris
dispersion may serve as a good analogy [17]. Monte-Carlo simulations under topological uncertainties
in asteroid surface (Fig. 9) could be of use because
the fill factor would be less than one in reality [16].
The manufacturing details of such paintballs and their
material design are also practical considerations [18].
•	Although the paintball cloud concept may again be
compared with other traditional deflection methods
including the gravity tractor or ion beam shepherd
concept to name a few [19, 20], it can even be combined with these methods as well. Additional design
consideration is necessary for the spacecraft to perform multiple functions [21]. If the asteroid is substantially heated and maintained at high temperatures
by the ion beam shepherd method, thermal photonic
effects may also have to be taken into account [22].
More potential applications of the paintball cloud approach

COURTESY OF MIKKO SUOMINEN

•	The mission architecture and details (e.g., spacecraft
trajectory, launch dates, etc.) should be optimized via
trade studies in design space [15, 16].

Fig.9 An artist’s concept of paintballs and an asteroid with
irregular surface topography.

can also be investigated by varying its contents (e.g., aerosol
or magnetic materials) for other types of missions. After that,
this paintball cloud method would become one of our available
options for planet defense and asteroid hazard mitigation.
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Obtaining CO2 from the Martian atmosphere through a freezing process has been proposed during the last decade as a
means of obtaining high-pressure gas without having to use mechanical and sorption pumps – which, besides being large
and heavy, would need several stages of mechanical compression to achieve the equivalent final pressure. This earlier work
considered the CO2-freezing process as the basis of an in-situ propellant-manufacturing process. However, it could also
have another as yet unexplored and more prosaic application – namely, to supply high-pressure gas to clean the surfaces
of dust-covered solar arrays. The loss of solar array efficiency due to dust deposits is a particular issue for the projected
six-month Sample Fetching Rover (SFR) mission, where the current baseline architecture employs solar arrays to supply
primary power. Dust storms and subsequent dust deposites could jeopardize the entire mission, not only reducing the
energy available for locomotion but also for the communication with the Mars Ascent Vehicle (MAV). Utilizing a simplified
physical model, the theoretical basis of this concept is outlined.

Keywords: Dust-removal technique on Mars, Solar Power on Mars, Freezing process

1

INTRODUCTION

It is known that the Martian atmosphere contains a large
amount of suspended dust, especially during storms. The saltation process – that is, the settling down of atmospheric dust
onto solar arrays used by Mars surface missions – can affect
hardware performance, especially during long-term operations. This could be a particular issue on the projected sixmonth Sample Fetching Rover (SFR) mission, where the current baseline architecture contemplates the use of solar arrays
for primary power. It has been calculated that the power loss
caused by settled dust for such a mission could be around
52.2% to 89% [1]. Thus dust storms could jeopardize the entire
mission, not only reducing the energy for locomotion but also
for communication with the Mars Ascent Vehicle (MAV).
Dust adheres to the arrays due to Van der Waals forces,
which are very strong for the particle sizes. Today, the available
dust-removal techniques can be classified into four categories
[2] – natural, mechanical, electromechanical, and electrostatic.
Natural dust removal relies on the capability of Martian wind
to clean the solar arrays. This is probably not feasible for horizontal arrays at locations with wind conditions similar to those
found at the Viking landing sites. Mechanical removal devices
use mechanical wiping, blowing, or removable covers. However,
the weight constraints on the SFR mission make such approaches unviable. Electromechanical removal involves shaking the array or using sound to loosen the dust's adhesion. However, besides the weight constraint problem, it would also be necessary
to have a supplementary system to carry the dust away after adhesion has been broken, adding further weight and complexity.
Finally, electrical removal relies on inducing electrostatic forces.
In this last method, if the surface of the array is electrically conductive and is sufficiently charged, dust particles will acquire a

NOMENCLATURE
cp
heat capacity
E
energy
L
latent heat of solidification
M
mass
molecular molar mass of CO2
Pcr
critical pressure at ambient temperature
R
gas constant
To
ambient temperature
Ts
solidification temperature
ΔTos temperature difference
Vo
Volume of the container
x
solidified fraction of CO2
ρ
density
ρd
density dry-ice
ρc
density gas CO2
ρcr
critical density

matching charge and will be repelled.
The object of this work was to explore a method for cleaning
dust from solar arrays characterised by its simplicity, reliability and robustness, thereby reducing the risk of failure. Among
all the possible solutions this is the simplest, since it involves
flushing gas obtained from the atmosphere (CO2 on Mars) at
high speed onto the surface of the solar array using a primitive system of sprinklers or similar. Having a simple method
of flushing gas at high speed in turn demands a simple method
for generating high-pressure CO2. Such a method exists. Taking advantage of the low temperature of Mars and the freezing/
sublimation of CO2, it is possible to obtain highly pressurized
JBIS Vol 71 No.3 March 2018 89
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CO2 (with compression ratios over 10,000) without need of
large and heavy mechanical pumping or sorption pumps.
In addition, the ubiquitous presence of suspended dust
on Mars increases the risk of mechanical failure due to dust
erosion and abrasion of moving parts, which makes passive
CO2-freezing a more attractive option. Further, NASA´s Mars
Exploration Rovers have demonstrated that the Martian soil is
magnetic, mostly due to the strongly magnetic mineral magnetite (Fe3O4), which further complicates interference with
moving parts, the clogging of filters, and the adherence of dust
to moving parts by magnetic attraction. Together, all this builds
a strong case against mechanical pumping options, and in favour of a passive CO2 freezing process.
The technique of using a passive CO2 freezing process is not
new – it was proposed in 2009 by Yu et al [3], as a technique for
obtaining highly pressurized CO2. Nevertheless, the consideration of that earlier study was limited to obtaining CO2 as the
basis for manufacturing rocket propellant.
2

OUTLINE OF THE CORE IDEA

To begin with, let us consider the scheme depicted in Fig. 1.
Here, a bottle or container with a certain Volume, V0, is initially
open, allowing the entry of the surrounding atmospheric CO2,
which fills the bottle. Now. let us assume that a cooling system is
connected to the walls of the container, such as a Peltier module,
which solidifies a certain fraction of this gas (x) inside the bottle, and the other fraction (1-X) is maintained as gas. Because
we want to reduce the expenditure of energy used in the cooling process, it is desirable that the CO2 capture be performed
during the time in which the ambient temperature is as low as
possible – i.e. during the night or Mars´s morning terminator.
Let us assume that the bottle or container is closed, as depicted in Fig. 1. At this point we have a bottle with a Volume V0, a
fraction (x) being solid (dry-ice) and the other (1-X) being gas.
Then, during the day, heating from solar radiation causes
the dry-ice to sublimate. All of the bottle’s contents is again gas
but, because the high density of the dry-ice, this translates into
a very high increase in pressure. The total pressure in the bottle
will be limited to the critical pressure Pcr at the ambient environmental temperature To (assuming the bottle is not further
heated by a radioisotope generator or other means). Then, the
fraction (x) must be chosen in such a way that the total pressure of the bottle (once the sublimation occurs) is equal to the
critical pressure Pcr. With this simple model we can do some

preliminary calculations as follows.
First, once the solidification occurs, the total mass M of CO2
inside the bottle and contained in a Volume V0 is given by:
(1)

where ρd and ρc are the densities of dry-ice and CO2 gas respectively. Therefore, the final density of the gas inside the bottle
once the sublimation occurs is given by
(2)

The maximum density ρ is attained when it is equal to the
critical density ρcr of the gas at the critical pressure and environmental temperature of the bottle. By the law of ideal gases,
this critical density is given by:
(3)

The critical pressure Pcr at the ambient temperature ,
is the molecular weight of CO2, where R is the gas constant.
Thus, by equating ρ=ρcr, inserting Eq.(3) into Eq.(2) and after a
simple arrangement of terms, we obtain the desired value of the
fraction (x) which must be solidified as:
(4)

because ρd >> ρc then Eq.(4) simplifies as:
(5)

Although the maximum pressure attainable will always be
the critical pressure at the ambient temperature, nevertheless,
the amount of gas., i.e. the volume V0 available at this pressure,
will depend on the fraction (x) required, which gives us the
amount of energy required. This energy is easily calculated as
follows:
(6)

where E is the required energy for freezing of the fraction (x) of
the volume V0; cp is the heat capacity; ΔTos=To-Ts is the drop of
temperature from ambient to freezing; and L is the latent heat
of solidification. Therefore, the energy per unit of volume of
the container required is given by:

Fig.1 Sketch for a thermal freezing-sublimation method to obtain high pressurized gas.
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and by inserting Eq.(5) into Eq.(7) one obtains:
(8)

3

DISCUSSION

With the proposed method we have shown that it is possible to
obtain CO2 gas contained in a volume V0 at the critical pressure
at ambient temperature without the need for any compressor or
mechanical device simply by freezing a fraction (x) of the gas in
the container. This pressure for Mars could be more than two
orders of magnitude higher than the local atmospheric pressure as depicted in Fig. 2, which assumes the average surface
pressure and temperature found at the Viking 1 landing site.
This high pressure can be used for thermal energy storage or
for direct mechanical conversion (for example, by moving a
turbine), or else as a method for cleaning solar arrays, which is
the application considered here.
To obtain some idea of the energy per unit of volume
predicted by Eq.(8), we assume some typical values of the parameters: cp = 740 J/K kg, L = 2×105 J/(kg); To = 210 K; Ts =133
K and then ΔTos = 77 K; and Pcr = 3.9 × 105 Pa, from Fig. 2; =
0.044 kg/mol; R = 8.314 kg m2/s2 K mol.
With these values, we obtain
Wh/l.

≈ 0.7 kWh/m3 or

≈ 0.7

This amount of energy seems easily achievable with a simple
Peltier module. For example, a commercial Peltier module such
as the TEC1-12706 can be found at a price as low as 2 dollars or
less. The TEC1-12706 has a dimensions of 40 ×40 × 3 mm and
contains 127 p-n couples. The electrical power consumption
is around 60 W working with a nominal voltage of 12 V and a
current of 6 amps [4].
The differential temperature attainable is on Δ65 K and then
within the range required for Mars, and the minimum working
temperature without damage is around –55 °C , i.e. also very
propitious for Mars. The half-life of a TEC1-12706 module is
around 200.000 hours, it has a cooling efficiency of around 2025% and it can remove above 12-15 W of heat.
Therefore, if a Peltier module is used uninterruptedly during the period with lower temperature, let us say during the
last 3 hours at the morning terminator, the total heat that can
be extracted will be 36 Wh per module – i.e. it would be able
to pressurize more than 51 liters of CO2. It is reasonable to as-

Fig.2 The phase diagram for CO2 showing the average surface
pressure and temperature at the Viking 1 landing site.

sume that with a more sophisticated, higher-tech Peltier module, the performance could be even better.
4

SUMMARY OF RESULTS AND CONCLUSIONS

This paper describes a simple method for obtaining high pressurized CO2 containers on Mars based in a thermal cycle and
without need of compressors or similar mechanical devices.
The technique could be used for energy thermal conversion
and storage. However, perhaps its most immediate implementation is as a reliable and robust cleaning technology to remove
settled dust from the surface of solar arrays that can affect the
utility of solar power on any Mars surface mission and especially long-term operations. The high pressure of CO2 obtained
as high as the critical pressure at ambient temperature can be
released onto the surface of the solar arrays, followed by cleaning by flushing the surface daily if desired, thus keeping the solar arrays at their highest performance. From the preliminary
estimates, it seems that the required energy is around 0.7 Wh
per liter of CO2, which can be obtained by using commercially
available Peltier modules.
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Metallic atomic hydrogen (MAH) - if it is metastable - has the potential to be a revolutionary rocket propellant with
outstanding specific impulse. This paper discusses the likely limits of MAH metastability, and how these can be
accommodated with suitable micro-composite engineering to maintain high pressure containment of the MAH.
Manufacturing of MAH is discussed, as well as the form of a suitable rocket engine employing MAH.
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1

INTRODUCTION

Although there have been great engineering advances in many
areas of technology since the 1960s, rocket propellant technology has not moved on. Space exploration is still limited by the
same maximum specific impulse levels that were available back
then. What is desperately required is a new propellant with
higher specific impulse at the same typical rocketry thrust levels.
Metallic atomic hydrogen – assuming it to be capable of being made metastable – has the potential to be a revolutionary
rocket propellant with outstanding performance [1, 2] that
could literally open up the Solar System to mankind.
Although often placed at the top of the alkali metal column
in the periodic table, hydrogen does not, under ordinary conditions, exhibit the properties of an alkali metal. However, it
can be forced into a metallic state at very high pressure.
The Heart of a DAC

Diamonds and Gasket
(about 3-4mm linear dimensions)

Nd: YAG laser light (1064 nm)
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Fig.1 A typical Diamond Anvil Cell.
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In January 2017, researchers at Harvard University may
have succeeded (there is some debate) in producing a micrometre-sized specimen of hydrogen in the solid atomic metallic
state [3]. This was produced using a diamond anvil cell (DAC
[4]) within a helium cryostat. Two samples were allegedly produced, at temperatures of 5.5 and 83 Kelvin and a pressure of
around 495 GigaPascals.
The Harvard team used pathway 1 on the phase diagram
shown in (Fig.2) to produce their sample:

THE POTENTIAL OF METASTABLE METALLIC ATOMIC HYDROGEN as a rocket propellant

Conventional propellants cannot achieve even the lowest Isp
in this table (excepting LH2/LO2 in vacuo), therefore only multiple stage vehicles can achieve these delta V targets. In contrast, a propellant with an Isp higher than 800 seconds could
perform many, if not all, of the above missions with a single
stage vehicle.
3

MAH SPECIFIC IMPULSE

Silvera et al describe that the recombination of MAH back into
molecular hydrogen yields a 200 to 300 percent improvement
[1, 2] in Isp over conventional rocketry propellants, but at identical thrust levels.
MAH also has a much greater density impulse than ordinary liquid hydrogen, as it is predicted to be 10 times denser.
(Density impulse equates to specific impulse times propellant
density).

Fig.2 A phase diagram of hydrogen [1, 2].

Due to the expense of procuring two large gem-quality
single-crystal diamonds for the DAC, their subsequent surface treatment, and then stressing them almost to the point of
breakage (they subsequently shattered) has meant that the Harvard team have not yet replicated their experiment in a form
sufficiently scientifically rigorous to allay the team’s critics.
2	REQUIRED ROCKET PERFORMANCE FOR A GIVEN
MISSION
From the definitions of the inert mass fraction and propellant
mass fraction (measures of vehicle structural performance),
the propellant mass fraction for a given mission can be calculated (incorporating Tsiolkovsky‘s rocket equation):
(1)

The exact Isp performance depends upon the dilution of
MAH with an inert substance used to reduce the reaction temperature, because the decomposition of pure MAH yields temperatures in excess of 6800 Kelvin, which are beyond the limits
of today’s materials even with active cooling.
A typical dilution of 1 part MAH with 2 parts ordinary liquid hydrogen yields a predicted Isp of 1022 seconds and a reaction temperature less than 3800 Kelvin.
Silvera used the NASA CEA thermochemistry code to
provide this result, whereas the present author used CEA’s
fore-runner, the PROPEP code version 3, as the software is
easier to modify for new propellant types. PROPEP does not
model the decomposition of pure MAH accurately, but it does
model the decomposition of MAH mixed with other substances adequately, whereupon its results agree with those obtained
by Silvera.
Spreadsheet 1 overleaf uses Equation 1 above to demonstrate a single-stage mission to re-perform the Apollo 11 Moon
landing and return to Earth mission. This requires a delta V of
16.4 Kilometres per second. The above Isp of 1022 seconds is
assumed.

(Noting that Ve = Isp g0)
Humble [5] realises that for a feasible space mission (positive propellant mass), the denominator of Equation 1 must
be greater than zero. Rearranging this denominator therefore
gives the minimum Specific impulse (Isp) that must be achieved
to perform a particular space mission:
(2)

Table 1 [6] based on this equation outlines various missions
(LEO = Low Earth Orbit, GEO = Geosynchronous Earth Orbit).
(Note: the table was calculated using a conservative inert
mass fraction of 0.13 describing a typical structure containing
high-pressure propellant.)

The payload mass of 5.5 tonnes describes the Apollo Command Module, plus crew, plus consumables within the Apollo
Service Module.

TABLE 1 Minimum Isp for various missions (minert = 0.13)
delta V

min Isp

(km/s)

(s)

ground to LEO

9.3

464.7

ground to GEO

13.1

654.5

ground to Moon landing

14.1

704.5

ground to Moon landing and return

16.4

819.4

LEO to Mars landing and return

16.5

824.4

LEO to Pluto

8.4

569.6
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The required mission Mass ratio is calculated from Tsiolkovsky‘s rocket equation as:

SPREADSHEET 1 A lunar mission plus return

(3)

This shows that a craft with a launch mass of 74 metric
tonnes could perform this mission single-stage. In contrast, the
Apollo 11 launch mass was 2,923 metric tonnes, or 40 times
heavier.
Assuming a MAH density of 700 kg/m3 [2], this gives a density for the mixed propellant of 281 kg/m3. A spherical propellant tank for the above rocket vehicle would have a diameter of
7.4 metres.
In pictorial form, shown here is the Saturn V rocket with the
single-stage MAH vehicle to the same scale on the right. (The
MAH tank is shown in yellow).
Clearly, the MAH vehicle is much smaller in comparison to
the Saturn V Moon rocket, which would constitute a reduction
in mission cost of perhaps two orders of magnitude – assuming that the MAH propellant could be manufactured cheaply
in quantity.
The Saturn V had three stages; in addition to the Service
Module stage, and the two stages of the lunar lander (LEM).
None of these stages were reusable, whereas the single-stage
MAH vehicle can be reused.
A thixotropic gelled propellant of liquid hydrogen and particles of MAH could be envisaged, pressure-fed from its storage
tank.
4

ENGINEERING REALITY

The results obtained by Silvera are certainly encouraging;
however, there are several major issues that would have to be
resolved before MAH could realise its promise as a superior
rocket propellant.
5

METASTABILITY OF MAH

Atomic propellant has been popular in the realms of science
fiction since the 1920s, however in the real world, all attempts
to synthesise atomic hydrogen have failed. The sample typically
survives less than a millisecond before spontaneously recombining to normal molecular hydrogen.
It is assumed that MAH will spontaneously recombine at a
certain minimum pressure. This pressure isn’t known; Silvera’s
papers assume that metastability can be maintained down to
typical rocketry pressures of 40 to 100 Bar without spontaneous recombination.
We can describe this metastability as a pressure reduction
factor derived by dividing the assumed creation pressure of
MAH of 500 GPa by some lower working pressure.
Thus we obtain a factor of 50,000 describing just how much
of a reduction in pressure the MAH would have to endure to be
usable at typical rocketry pressures.
94 Vol 71 No.3 March 2018 JBIS

Fig.3 Comparison of Moon mission launch vehicles.

Current informed opinion [7] regards such a large metastability factor as completely unachievable because the predicted
zero-point energy of MAH is far too high to allow it. A more
realistic pressure reduction factor might be in the range of 10
to 100, although only experiment will be able to discern the
exact value.
Such a pressure reduction factor would yield a much larger
minimum pressure which would appear to limit the usefulness
of MAH as a rocket propellant due to the need to store it in
excessively heavy pressurised tanks. An engineering solution
to this problem is described below.
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6

THERMAL RUNAWAY

Another propellant storage issue with MAH is thermal runaway.

Assuming that the entire energy of the MAH propellant
would otherwise be converted into rocket exhaust kinetic energy, then:

Due to the randomness of thermal motion, one atom of
atomic hydrogen may attain a high temperature and combine
with its neighbour, releasing heat. This sets up a chain reaction
that immediately spreads through the whole sample at explosive speed.
Atomic metallic hydrogen – being a conductive metal –
should be able to conduct away any errant heat release via motion of its free electrons before thermal runaway is initiated.
Militzer et al. describe the high thermal conductivity of dense
metallic hydrogen at around 50 Gpa [18, 19].
Halting a chemical reaction by draining away the heat of
reaction is known as quenching, and will stop reactions in several rocket propellant types. It is encouraging that the Harvard
sample (if it existed) was stored for a month at the relatively
warm temperature of liquid nitrogen without thermal runaway, despite containing around 4.6 × 1013 atoms.
Again, only actual experiment will confirm the quenching
effectiveness.
7

CONTAINMENT

Let us assume that the metastability of MAH is somewhere in
the range of a pressure reduction factor of ten to a hundred (50
to 5 GPa). This assumes that MAH can indeed be produced at
495 GPa, though this has not been sufficiently proven. Notwithstanding, we will investigate MAH confinement at between 50
and 5 GPa, and the engineering requirements to contain the
MAH at such large pressures.
Currently, the only material capable of resisting such pressures in the immediate future are long nanotubes of graphene,
tape-wound as a carbon composite pressure tank.
7.1

Singular containment

In theory we could contain MAH propellant inside one large
tank. However, this represents an excessive amount of graphene
carbon composite both in terms of mass and cost.
This is shown by this example of storage within a spherical
pressure vessel which is described by the equation:
(4)

In Spreadsheet 2, 1068 kg of tank is simply wasted inert
mass, but this is a significant underestimate due to a “first-cut”
application of a thin-tank-wall stress analysis; the wall is actually proportionately thick.

(5)

Which would constitute sufficient energy to vaporise the
launch vehicle.
7.2

Microscale containment

An alternative strategy would be to contain innumerable small
samples of MAH within individual minute spherical pressure
vessels. These spheres would be sub-millimetre in size in order to flow as a powder (or thixotropic gel) through injector
orifices.
With near-term technology, it is only possible to manufacture MAH in small particle sizes due to the immense pressure
involved, so one solution would be to encapsulate each sample in a graphene carbon nanotube tape-wrapped sphere. The
high thermal conductivity of both the MAH and the graphene
should quench any thermal runaway.
Silvera et al [1, 2] discuss the need to dilute the reaction of
MAH with other substances in order to reduce the 6800 Kelvin
reaction temperature to manageable levels. In this scheme, the
carbon wrapping of each MAH sample becomes diluent and
reaction mass, rather than wasted inert mass.
The ideal diluent is normal hydrogen: its low atomic weight
of 1.0 yields the highest Isp commensurate with the lowest mixture temperature. Carbon, with its larger atomic weight of 12.0,
yields a lower Isp and a higher mixture temperature.
Spreadsheet 3 (at the end of this report) has been generated
by calculating the mass of graphene carbon nanotube required
to contain MAH at various metastable pressures. Normal hydrogen is then added in sufficient proportion to keep the reaction temperature below 3800 Kelvin, and to raise the Isp.
The MAH density linearly interpolates data from [2].

SPREADSHEET 2 A lunar mission plus return

It will in all probability be a long time in the future before
such large lengths of carbon nanotube are commercially available.
Of more concern, if the tank should be compromised either
accidently or through malice, then the entire mass of MAH will
lose pressure and recombine violently.
JBIS Vol 71 No.3 March 2018 95
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The required thick-walled sphere thickness is calculated
from [13] as follows:
The maximum sphere wall hoop stresses (in mutually orthogonal directions) are calculated by:

fuel inlet

inner
vortex
(hot)

fuel manifold
and injector

outer vortex
(cool)

The maximum sphere wall radial compression is calculated
by:

(7)

oxidizer
manifold and
squirt injector

hydrogen
injection

To combine the stresses, the Von Mises stress criterion is
used:
(8)

With inner sphere radius b pre-chosen, outer radius a was
iterated until the Von Mises stress was 108 GPa, which equates
to a safety factor of 1.2 on Graphene’s quoted ultimate tensile strength of 130 GPa. At lower containment pressures, the
thin-wall stress approximation of equation 4 (negligible radial
stress) was used as the wall was then proportionately thin.
Note that the actual values of a and b are arbitrary, only their
ratio is important.
This yields the following Isp graph for the two standard cases of non-changing chemical composition down the nozzle
(frozen) and changing chemical composition down the nozzle
(shifting):
Fig.4 shows that the containment and dilution system described yields progressively more useful Isp over the MAH
metastable range investigated of 50 to 5 GPa. For example, a
metastable pressure of 33 GPa (a pressure reduction factor of
15) yields a respectable Isp of at least 746 seconds.
Note the inclusion of oxygen in Spreadsheet 3. This is used to
oxidise approximately the outer 20% of each graphene carbon
containment sphere, which should be sufficient for the sphere
to burst. At this point, the MAH depressurises and recombines,
and will reach temperatures over 6800 K, which will vaporize
the inner layers of the carbon sphere.

Fig.5 A vortex-cooled reaction chamber.

Graphene is very thermally conductive. When heat from the
carbon oxidisation reaction flows through the graphene into
the MAH, the MAH will spontaneously recombine.
Depending upon the vaporisation temperature of graphene,
there may be condensed species of carbon remaining in the exhaust which will lower the Isp.
One issue with graphene is that it has a very high melting temperature recently quoted [14] as 5000 Kelvin, so the
graphene containment microsphere temperature has to be
raised above 5000 K.
To the present author, this quoted temperature seems a little
high to be believed, as the vaporisation temperature of graphite
is only 3800 Kelvin, and graphene nanotube sublimates in a
vacuum at around 3000 K [15]
Notwithstanding the actual melting temperature, the MAH
is first diluted with oxygen and vaporised carbon but without
the hydrogen. This gives the ‘core temperature’ column given
in Spreadsheet 3, where it is seen to be sufficient to vaporise all
of the graphene.
This initial reaction chamber thus suffers temperatures of
around 5000 Kelvin, which will require active cooling to protect the chamber walls such as regenerative cooling with hydrogen.
Alternatively, use of a trapped vortex down the centre of the
reaction chamber – a vortex bi-prop system – will maintain a
high core temperature but a cool wall perhaps consisting of
graphite with an anti-oxidisation coating.
The mixture then passes into a secondary chamber where
the hydrogen is added, to reduce reaction temperature below
3800 K and increase Isp. The pre-burner core temperature was
calculated just by removing the hydrogen from the PROPEP
input file.

Fig.4 Isp versus minimum metastable MAH pressure.
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As a further alternative, graphene is brittle, and has a
low impact resistance, so it might be possible to shock the
graphene – either thermally with a laser or acoustically with a
shockwave – to break the containment spheres.

ORIGINAL IMAGE BY ORBITEC

(6)
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8

GRAPHITE MICROSPHERE PRODUCTION

Commercial single-crystal diamonds have been used in attempts to produce MAH, but the required pressures are at the
engineering limit that single-crystal diamond can withstand
without fracture. Silvera’s experiments broke each diamond anvil
[3] leading to an expensive non-repeatable production process.
8.1

Nano-polycrystalline diamond

In materials science, it is known that many materials become
stronger if composed of an agglomeration of very small crystals. The same is true of diamond.
A nano-polycrystalline diamond (NPD) consists of an agglomeration of very fine diamond grains of around several
tens of nanometres, oriented in random directions. These are
generally sintered together by the application of heat and pressure.
When single-crystal diamonds eventually fracture, they do
so along one of the cleavage planes running through the material. NPD does not have these well-defined cleavage planes.
A NPD doesn’t have the anisotropic hardness peculiar to
single-crystal diamonds, and has high fracture toughness. It
has an extremely high hardness, 1.5-2 times harder [8, 9] than
a single-crystal diamond.
Nakamoto et al. [8] manufactured NPD anvils by subjecting
polycrystalline graphite to high temperature and pressure. They
found – when used in a diamond anvil cell – that the NPD was
able to achieve pressures up to two times greater than that achievable with a single-crystal diamond. (The bevelled variant of their
culet anvils manufactured from NPD broke at low pressure, but
this author suspects that this was a manufacturing issue).
Leonid Dubrovinsky and Natalia Dubrovinskaia of the University of Bayreuth in Germany, together with colleagues from
Belgium and the USA, have produced NPD [9, 10], which have
twice the hardness of single-crystal diamond.
They fabricated NPD hemispheres of about 12–20 microns
diameter, from tiny glassy carbon balls at 2200 Kelvin and 20
GPa pressure. They claim [9] to have achieved 770 GPa in a
NPD anvil cell they fabricated.
8.2

Lonsdaleite

NPD can be used to apply high pressure to solids such as metals,
however its granular structure renders it porous, so it cannot be
used to pressurise liquid – or even solid – hydrogen into MAH.
However, there is a theoretically stronger allotrope of carbon known as Lonsdaleite, which has a three-dimensional
hexagonal atomic structure analogous to hexagonal ‘Wurzite’
boron nitride.
Synthetic Lonsdaleite has recently been synthesised at the
Australian National University Research School of Physics and
Engineering [11].
This sample was deliberately produced as an array of microcrystals to enhance hardness, although a larger single crystal
will be required to confirm its hardness, which is predicted to
be 158% that of diamond. The researchers postulate that large

single crystals are achievable with suitable equipment.
9

HYPOTHETICAL MAH PRODUCTION

Without future detailed research and experimentation, a MAH
production method (assuming MAH exists) is purely hypothetical.
But it might proceed thusly: liquid hydrogen just above its
freezing temperature is hydraulically injected into a piston cylinder at high pressure – at around 300 GPa – using a diamond
piston. The piston is actively cooled to remove the heat of compression.
Then the final stage of compression is performed using two
anvil/pistons of nanocrystalline diamond, laser etched on the
top, with single crystals of Lonsdaleite diffusion-bonded to
them as the anvil tips. The opposing Lonsdaleite tips have hemispherical recesses in them to form a sphere of MAH.
The allowable piston stroke is determined by Euler’s column
buckling criteria, which is primarily based on the material’s
Young’s modulus. It is believed that NPD and Lonsdaleite will
have sufficient Young’s modulus for this task because graphene
has a particularly large Young’s value.
A thin coating of material – such as a metal – on the outer
faces of the Lonsdaleite acts as a barrier to prevent diffusion of
the hydrogen into the Lonsdaleite at the high pressure involved.
After production of a spherical sample of MAH, the pressure is relaxed somewhat but still within the metastable range
of the MAH.
9.1

Graphene tape wrap

The sample is then foil-wrapped with a few nanometres thickness of aluminium foil to act as a diffusion barrier to the
graphene.
The sample is then wrapped in graphene carbon nanofiber
filament as an isotensoid winding before being transferred to a
collection bin. The nanofiber wrapping would remain in place
due to intermolecular forces alone, and so does not require the
addition of a separate resin (one discounted option was to wet
the fibre in liquid oxygen – which was then frozen – to act as a
combustant).
As the pressure external to the sphere is reduced to ambient
at the end of the production cycle, the sphere will expand due
to the internal pressure. This deflection will increase the internal volume which will reduce the internal pressure unless some
mechanism is used to keep the pressure constant, such as filling
with another substance.
This reduced pressure – if it is above the metastable pressure
– is adequate to prevent spontaneous MAH recombination. If
not, then some other method will have to be found to maintain
the internal pressure.
10

AFTERBURNING

With some irony, the exhaust products of a MAH rocket engine
as described by Spreadsheet 3 are rocket fuel: hydrogen and
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complex hydrocarbons.
Notwithstanding the pollution issue, the exhaust represents
wasted propellant. Experiments at Aerojet [16] detail a method to achieve considerably more thrust from a fuel-rich rocket
exhaust by secondary combustion within the nozzle, known as
‘afterburning’ or ‘thrust augmentation’ (a term usually reserved
for air-breathing).
Secondary combustion is commonly used to increase thrust
during vertical takeoff. It also allows the use of a lower primary
combustion chamber pressure.
Usually, the secondary combustion exhaust is used to fill the
primary nozzle to restrict the primary flow area ratio at low altitudes. This prevents flow separation from the nozzle inner wall.
This is inefficient as the secondary flow is not expanded
properly. If the slope of the secondary combustion chamber
wall is increased to render a wider nozzle, the secondary flow
will expand properly and achieve a higher Isp.
The secondary flow should then be able to achieve the same
Isp as a rocket engine with a throat-less nozzle, i.e. the increase
in thrust that results when the converging section of the nozzle
isn’t present, just the diverging section.
The overall Isp of the engine is the sum of the primary MAH
reaction plus the much lower Isp of the secondary afterburning,
weighted to the relevant mass flow rates. Therefore, injecting
oxygen into an afterburner will not increase the overall Isp, in
fact it will lower it.
However, what it will do is to increase the thrust; perhaps
two-fold [16]. This means that a smaller engine can be used,
which will reduce the vehicle inert mass fraction finert, which
from equation 1 is seen to reduce either the required mission
delta V or the required Isp.
Injecting oxygen into the supersonic flow of a rocket nozzle whilst successfully achieving combustion can be technically challenging. For instance, if injected too near the throat at
a point where the temperature is 3300 K, then approximately
half of the resulting water reaction product will immediately
dissociate [17] (further downstream at 2500 K only 3% will
dissociate).
There is also the problem of the finite rate of combustion
versus the flow velocity. However, clearly the Aerojet team have

Fig.6 Conventional afterburning by secondary injection.

solved these issues [16] by using their stated scramjet injector
technology.
Alternatively, an expansion-deflection nozzle could be used if
the oxygen is injected on the rim of the circular deflection plate.
10.1 Air-breathing
Instead of oxygen, cooled air from an air intake – such as from
a Reaction Engines Sabre precooler – could be injected into the
afterburner.
By time-integrating the definition of specific impulse over
the engine burn time, then:
(9)

The internally-carried propellant mass stays the same, but
the Total impulse of the engine increases significantly due to
the thrust addition resulting from combustion with the ‘free’
external air, therefore the Isp increases significantly. Thus there
is a performance incentive to afterburn precooled external air
within a MAH engine nozzle during the ascent through the atmosphere.
11

CONCLUSION

If MAH exists, and is suitably metastable, then a near-future
level of containment technology could yield a rocket propellant
with a significantly higher Isp than conventional high-performance propellants, whilst delivering comparable thrust levels.
This containment would work best as an accumulation of microspheres of graphene carbon.

SPREADSHEET 2 A lunar mission plus return
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Gateway Earth Development Group is an initiative proposing new modular space access architecture, centred on operating
a combined research space station and commercial space hotel in the geostationary orbit (GEO) – the Gateway Earth
complex. At this location, robotic and crewed interplanetary spacecraft could be assembled, and docked before they travel
to, and return from, any Solar System destination. Moreover, it is proposed that space tourism would provide a significant
part of the funding to build and maintain the complex. In order to do so, various elements of this architecture, which are
currently being developed independently by a range of different space firms and agencies, both internationally and in the
UK, need to be integrated into a single mission proposal. Hence, it is our aim at GEDG to synthesize all these disparate
actors and activities, and focus them on making the Gateway Earth concept possible in the mid-term future. This paper
provides a status update on these projects’ progress to date and focuses on the next steps required to ensure this concept
becomes an accepted architecture for space access and exploration. The aim is to establish the Gateway Earth approach
as a preferred technically-feasible and politically and financially realistic concept and thereby enable a new generation of
affordable space exploration missions, backed by revenues generated from commercial space activities.

Keywords: Space Access Architecture; Gateway Earth; Geostationary Space Station; In-orbit Servicing

1

THE GATEWAY EARTH CONCEPT

Gateway Earth has been proposed as a modular space access
architecture, operating a combined commercial space hotel and governmental station located in Geostationary Orbit
(GEO), supplied by a regular reusable tug service operating between Low-Earth Orbit (LEO) and GEO. Having this facility in
this location, which is close to the edge of Earth’s gravity well,
makes it an ideal “launching pad” for outward going robotic
and crewed interplanetary missions, to any solar system destination, and a docking port for those returning.
Space tourism revenues would contribute a significant part
of the funding both for setting up and operating the facility and
its tug supply chain. At the governmental part of the Gateway
Earth complex, the interplanetary craft would be manufactured
and assembled, almost certainly using additive manufacturing
techniques. In this way, a new low-cost interplanetary vehicle design may be used, not having to withstand the rigors of
launch and re-entry through the Earth’s atmosphere, and needing relatively low energy propulsion, since most of the travel
of this new vehicle class would be across the relatively flat geopotential plateau of interplanetary space. For the economics
to work out satisfactorily, it is necessary for all of the craft used
This paper was presented at the 15th Reinventing Space Conference,
Glasgow, 24-26 October 2017.
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to get people and cargos up to the Gateway Earth complex to
be totally reusable. Part of the architecture therefore requires a
refuelling facility in LEO.
The overall make-up of this architecture, as well as key elements’ development has already been studied in great detail
[1–6]. What this paper is outlining is four key new developments towards designing, building and operating this station,
as well a further analysis of revenue stream opportunities.
2	ADVANCING THE DESIGN: MODELLING RADIATION
PROTECTION AND DEFINING INTERNAL FEATURES
Gateway Earth is a manned space station which will be located at the edge of Earth’s gravity well in geostationary equatorial orbit (GEO), focusing on commercial activities as well as
conducting governmental research. Using OLTARIS, a study
into the radiation environment of deep space was conducted
to produce a shielding design consisting of 104 tonnes of 66.7
cm thick polyethylene to be located surrounding the private
crew quarters of the station, serving as a storm shelter as well as
providing added protection where the crew sleep. This shielding was then integrated into the internal architecture and crew
quarters of the station.
2.1 External Configuration
An external configuration of the station has been designed
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Fig.1 External configuration of the Gateway Earth station, with example spacecraft and additional modules.
(1) Tourist accommodation module and tourist supply stowage. (2) First connecting module. (3) Shared module including galley, exercise
and recreation facilities. (4) Crew accommodation and stowage. (5) Second connecting module. (6) Satellite servicing fleet maintenance
facility. (7) Antenna farm. (8) Two spacecraft, one for crew and the other for tourists. (9) Experimental spacecraft docked to the station
(Made In Space's Archinaut). (10) Additional recreation module (Cupola).

(Fig. 1) in order to meet the objectives of the Gateway Earth
station outlined in previous literature. The primary habitation
modules (tourist accommodation, crew accommodation, and
shared facilities) have been based upon the Bigelow Aerospace
B330 module [7,8], due to the mass savings and greater habitable volume inflatable modules provide, as well as the utilisation
of commercial space elements being an objective of the Gateway Earth architecture.
2.2 Radiation Protection
A study into the radiation environment of GEO, and radiation
limits for crew health and safety was undertaken. These limits
were taken as 500 mSv for a 1-year mission, and 250 mSv for
any 30-day time period, based upon a 3% risk of exposure induced death (REID) in NASA and IRCP models [9,10] as well
as corroboration between other space agencies [11].
For simulating the radiation environment of deep space, as
well as the simulating the effects of this radiation on the human
body, the on-line tool for the assessment of radiation in space,
OLTARIS [12,13], was used.
Worst-case model inputs for galactic cosmic rays (GCR)
and solar particle events (SPE) were identified in a preliminary
OLTARIS study. For GCR, the 2010 solar minimum was determined to be the highest in intensity. For SPE, two hypothetical
events based upon historical SPE data with modified fluence
levels from work done by L. Townsend et al. [14] were studied.
The most intense event was identified as the September 1979
spectra with fluence levels multiplied by a factor of 10.
Using these worst-case inputs, the ISS Destiny and Zvezda modules were simulated in the environment of deep space
as analogue modules, due to recent reports corroborating the
claim that the inflatable modules provide radiation protection at
least equal to the aluminium modules of the ISS [15]. The purpose of this simulation was to determine the dosages that the
base modules provide, without any additional shielding. Whilst
the annual GCR dosage from this study was 380 mSv - below

the 500 mSv limit - the SPE dosage (650 mSv) was far above. As
a solar particle event was identified as posing the largest threat
to the crew, a solar storm shelter was implemented as the ideal
countermeasure, based upon the mass savings of only requiring
protection in a localised area of the station and the ability for the
crew to be warned in advance of an SPE threat.
The storm shelter was co-located with the private crew quarters of the station. This is so that the benefit of having a heavily
shielded area of the station is maximised, as the crew would
spend a significant portion of each day within the crew quarters simply by the fact this would be where they sleep, reducing
their yearly GCR dosage by 12.5%.
The final shielding design consists of polyethylene blocks.
Polyethylene was chosen from a study into the effectiveness,
mass cost, and functionality of potential shielding materials.
In total, the polyethylene shielding for the station would have
a mass of 104 tonnes, and be 66.7 cm thick, surrounding the
crew quarters in an octagonal configuration (Fig. 2).

subsystem space

radiation
shielding
central
egress path
individual
crew quarters
module wall

Fig.2 Top view of a crew quarter level with implemented radiation
shielding.
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personal workstation
PE radiation shielding

sleep facilities

personal
storage

central corridor
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structural supports

Fig.3 Interior design of the crew quarters, showing the designed aspects; personal stowage, personal workstation and sleep
facilities. Also shown is the radiation shielding, and the design of the central passageway.

To ensure that this shielding implementation would not
conflict with the crew quarters it surrounds, the crew quarters
had to be designed to meet human factors requirements regarding habitable volumes and behavioural health [16].
The internal architecture of the TransHab module [17] was
used as a basis for the accommodation modules, consisting of
levels dividing the module, and a central translation path that
provides egress through the module and its levels. From human factors requirements, the central translation path was designed along with the crew quarter facilities (Fig. 3). The crew
quarters design ensured that the necessary body volumes and
personal storage volumes did not conflict with the room size,
despite the volume constraint imposed by the surrounding radiation shielding.
3	GATEWAY EARTH ASSEMBLY AND OPERATIONS
LOGISTICS
3.1 Logistical needs
To establish an operational plan for Gateway Earth, it is necessary to first estimate the logistical needs of the space station.
To predict the required quantity of supplies for Gateway
Earth station, including integration hardware and 15% added
security margins, a crew accommodations model was used as a
calculation basis [18], and updated with data from the International Space Station [19]. The updated model allows to estimate
mass and volume of supplies, but focuses on supplies for supporting the daily life of astronauts in a space station. It includes
the facilities for the galley and food system, the waste collection
system, personal hygiene, clothing, recreational equipment and
personal stowage, housekeeping, operational supplies and restraints, maintenance, photographic equipment, sleep accommodations, and crew health care. They do not include supplies
dedicated to commercial activities, such as additional facilities
102 Vol 71 No.3 March 2018 JBIS

for recreation of the space tourists, fuel for satellite servicing,
or raw material for in-space manufacturing.
Permanent supplies are brought to the station only once;
their quantity can be estimated based solely on the number of
astronauts, i.e. 14 crew members and tourists in Gateway Earth
station. Permanent supplies include accommodations such as
freezers (2), ovens (2), toilets (4), showers (4), trash compactor,
and exercise equipment. The total mass of permanent supplies
amounts to 7.3 t. Permanent supplies for commercial activities
such as science equipment, 3D-printer or tools for satellite servicing are not accounted for here. However, even if they represent an additional mass to be sent to orbit, as they need to be
launched only once, it does not represent a major change in
operations, only an adjustment to cost and schedule.
Disposable supplies from the model are constituted by food,
clothing, and different kind of cleaning supplies, and must be
regularly resupplied to the station. The quantity of disposable
supplies depends on both the number of astronauts and the
duration between two resupplies. For disposable supplies, it is
critical to evaluate the additional supply needs for commercial
activity, such as raw material for 3D-printing, because they
can have a significant impact on the resupply frequency, and
therefore on the whole operations. A conservative assumption
is made on disposable commercial supplies, assumed to have
equal or lower mass and volume than supplies for daily life support of astronauts. After selection of launch and cargo vehicles,
the cargo mass to be brought to orbit was set to 6 t, that is the
maximum capacity of Dragon spacecraft. With that constraint,
a consistent resupply frequency for 14 astronauts was determined to be once every 10 weeks; it results in a total mass of
disposable supplies of 5.9 t, including supplies for commercial
activities.
For disposable supplies that are necessary for the survival of
astronauts (particularly the food), a stock must be anticipated.
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A stock level of 20 weeks looks reasonable, as it would allow
two no-shows from the cargo tug, giving enough time to fix
a minor issue, to send a new tug, or to evacuate astronauts in
case of a major problem. As supplies dedicated to commercial
activities are excluded from this stock, it represents 5.9 t.
4

OPERATIONS

4.1 Deployment Schedule
An essential phase from the operations perspective is the station deployment. During the time needed to send to space all
the elements of Gateway Earth architecture, launches and other
events do not happen with a steady frequency. Moreover, some
additional capabilities are involved during the implementation

of the architecture to satisfy special requirements, such as sending the cargo tug to LEO or Bigelow B330 modules to GEO.
The baseline planning of launches for deployment of Gateway Earth architecture is visible in Table 1. It starts at the beginning of year T0, and lasts 5 years, with a total of 59 launches.
Ariane 6 was chosen to launch (in this order) the cargo tug,
manned tug, robotic arms, and Cupola. Tugs are launched early
to allow for several months for testing before the actual start of
their missions. The cargo tug is sent to LEO from the beginning as it will be used to bring supplies to the station, and to
carry the 105.08 t of polyethylene for radiation shielding that
requires twenty launches of Falcon 9 and Dragon (accounting
for a 10% fraction mass for tanks). The manned tug is launched
one year later. As a baseline, three unmanned test flights of the

TABLE 1 : Gateway Earth deployment baseline planning

(red = tug; grey = refuelling station; yellow = fuel; dark blue = GES elements; blue = radiation shielding; purple = supplies; green = crew)
T0

T0 + 1 year

T0 + 2 years

Ariane 62/64
SLS
New Glenn
Falcon Heavy
Falcon
(Dragon)
Atlas
(Dream
Chaser)
T0 + 3 years

T0 + 4 years

T0 + 5 years

Ariane 62/64
SLS
New Glenn
Falcon Heavy
Falcon
(Dragon)
Atlas
(Dream
Chaser)
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manned tug are planned, requiring three refilling of fuel depot
before the first manned flights at T0+2.
The refuelling station mass or size being undefined at this
stage of design, a SLS launch was assumed, but it is likely to be
later replaced by a lighter launch vehicle. The refuelling station
is launched early to allow testing and refilling the station (with
four launches of New Glenn, assuming the refuelling station as
capacity of 250 t) before the launch and test of the manned tug.
SLS was also selected to launch (in this order) node 1, the crew
module, the shared module, node 2, the shuttle cargo bay, and
the hotel module. NASA stated that three SLS will be produced
every year, and Gateway Earth SLS launches were scheduled to
have one back-up launch per year.

alternatively after each manned tug flight to bring fuel to the
refuelling station in LEO.
At the beginning of T0+5, the station is ready to function
fully and accommodate fourteen astronauts, including crew
and tourists.
4.2 Operational Schedule
In operational phase, the operation schedule is regular, and
the frequency of the main events are summarised in Table
2. Tourists will come to Gateway Earth station for two-week
stays. Using the Soyuz spacecraft, the journey from Earth's
surface to the international space station takes 6 hours; that
time can be used as a reference for the trip to the LEO relay
station of Gateway Earth. After a short stay in the LEO station
(less than 18 hours), the journey from LEO to GEO will take
place. This transfer is required to last less than 12 hours to
make it bearable for the tourists. The total time to reach GES
will be 36 hours of less. A symmetric process will bring the
astronauts back to Earth.

From the beginning of T0+3, only the hotel module is missing to the station: from this point, commercial activities can
start.
Falcon 9 and the Dragon spacecraft are used along with the
cargo tug to fulfil two missions: bringing radiation shielding
material and bringing supplies to Gateway Earth station. The
first launches of supplies bring permanent facilities and disposable supplies (including stock) for fourteen people at T0+2. A
regular cargo service from Earth to geostationary orbit is provided from T0+3 to bring living and commercial supplies every
4 months. Atlas V and Dream Chaser Space System transport
astronauts to LEO, and manned tug carries them to GEO.
The first two launches of Dream Chaser take place at T0+2
and bring three astronauts, who set up the radiation shielding
and the permanent supplies; but they will stay in GEO only
for a few days. A permanent presence in GEO will start a few
months later with three astronauts. The number will increase to
six astronauts with the start of commercial activities, and then
to seven to allow future hotel managers to get a first experience
of the station. New Glenn and Falcon Heavy rockets are used

Based on the work on radiation protection of GES, astronauts can only stay on board the station for a maximum of
one year. For the space hotel activity, there will be one hotel
manager taking care of the tourists’ safety and travelling with
them to GES, and back to Earth. A first assumption can be that
three hotel managers take shifts of two weeks in the station;
thus, they will be able to work for GES for three years. The
other commercial astronauts, working for servicing, in-space
manufacturing or science, will stay continuously in the station
and will indeed work for only one year. As their work is highly
technical, it does not seem suitable to replace the entire crew
every year. In order to facilitate knowledge transfer, half of the
commercial astronauts are replaced every 6 months.

TABLE 2 Baseline schedule for Gateway Earth operational phase, with 14 astronauts on board GES
Module
Gateway Earth station

LEO-GEO tugs

LEO fuel depot
Supporting launches from Earth

Re-entry flights from LEO relay
station to Earth
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Activity

Frequency

Cargo tug arrival with supplies

1 / 10 weeks

Manned tug arrival to GES (1 hotel manager + tourists)

24 / year

Manned tug arrival to GES (3 or 4 crew astronauts + tourists)

2 / year

Cargo tug transfer from LEO to GEO

1 / 10 weeks

Cargo tug transfer from GEO to LEO

1 / 10 weeks

Manned tug transfer from LEO to GEO

26 / year

Manned tug transfer from GEO to LEO

26 / year

Refuelling of manned tug in LEO

26 / year

Top-up from Earth

26 / year

Tug refuelling event

26 / year

Launch of New Glenn to fuel depot

13 / year

Launch of Falcon Heavy to fuel depot

13 / year

Launch of Dragon to LEO relay station

1 / 10 weeks

Launch of Dream Chaser Space System to LEO relay station

26 / year

Return of astronauts to Earth (1 hotel manager + tourists)

24 / year

Return of astronauts to Earth (3 or 4 crew astronauts + tourists)

2 / year

Return of cargo to Earth

1 / 10 weeks
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TABLE 2 Baseline schedule for Gateway Earth operational phase, with 14 astronauts on board GES
Module
Gateway Earth station

LEO-GEO tugs

LEO fuel depot
Supporting launches from Earth

Re-entry flights from LEO relay
station to Earth

Activity

Frequency

Cargo tug arrival with supplies

1 / 10 weeks

Manned tug arrival to GES (1 hotel manager + tourists)

24 / year

Manned tug arrival to GES (3 or 4 crew astronauts + tourists)

2 / year

Cargo tug transfer from LEO to GEO

1 / 10 weeks

Cargo tug transfer from GEO to LEO

1 / 10 weeks

Manned tug transfer from LEO to GEO

26 / year

Manned tug transfer from GEO to LEO

26 / year

Refuelling of manned tug in LEO

26 / year

Top-up from Earth

26 / year

Tug refuelling event

26 / year

Launch of New Glenn to fuel depot

13 / year

Launch of Falcon Heavy to fuel depot

13 / year

Launch of Dragon to LEO relay station

1 / 10 weeks

Launch of Dream Chaser Space System to LEO relay station

26 / year

Return of astronauts to Earth (1 hotel manager + tourists)

24 / year

Return of astronauts to Earth (3 or 4 crew astronauts + tourists)

2 / year

Return of cargo to Earth

1 / 10 weeks

It must be noticed that in operational phase, Gateway Earth
activities will lead to an average of 51 launches per year, without including maintenance launches for instance. In 2016, 85
launches occurred worldwide, including civil, military and
commercial launches [20]: on this basis, an operational Gateway Earth station would represent an increase of 60% of the
total launch events, and therefore have a significant impact on
the space access environment.
4.3 Transportation from low Earth orbit to geostationary orbit
A first requirement for the tugs is to consume less than 56 t
of propellant for one return journey. Indeed, a maximum of
26 launches a year for refuelling was set to keep the frequency
of launches sustainable. Falcon Heavy and New Glenn rockets
were selected as baseline launch vehicles for fuel, each of them
ensuring half of the launches. The average payload mass that
can then be brought to orbit is 62 t given the performance mass
of Falcon Heavy (54 t) and New Glenn (70 t) to LEO. Accounting for a fraction mass of tank of 10%, a limit of 56 t of fuel for
one return journey can be set. It must be noted that if reducing
the frequency of launches further is necessary, or if filling the
refuelling station is urgent, one launch of the expendable SLS
would be enough to enable two tug return journeys between
LEO and GEO.
Another important parameter for the tug design is the transfer time. Two specific cases have to be considered: if the tug
transports crew or tourists, the transfer from LEO to GEO shall
be shorter than 12 hours in order to limit exposure to radiations
and to keep the transfer comfortable. If the tug carries supplies
that are not urgently needed in GES, then the transfer time from
LEO to GEO and back to LEO shall be shorter than 70 days, that
is the time between two resupplies of GES; this way, one tug is
enough to ensure continuous resupply in operational phase.

4.3.1 Manned tugs
To fulfil the strong requirement on transfer time, the manned
tugs have to perform a Hohmann transfer or a high energy
transfer. To provide enough thrust to use a Hohmann orbit, the
propulsion system has to be chemical. Restarting the engine is
necessary, ruling out solid propulsion; and the specific impulse
must be as high as possible, leaving only the option of bipropellant engines.
For a Hohmann transfer from a LEO relay station orbiting
Earth at an altitude of 400 km (about the same altitude as the
international space station) with a 0° inclination (optimal situation), to GEO at an altitude of 35 786 km above equator, the
required ΔV is 3.85 km/s, and the transfer lasts 5 h 17 min.
Assuming a tug final mass of 6 t (including 20% margin), the
comparison of different engines regarding propellant mass can
be performed. If the choice among the engines shown in Table
3 can be solely made based on mass optimisation, then the best
choice is the RL10B-2 engine. However, more parameters have
to be accounted for, such as the number of restarts, or the capability to cope with the deep space environment. On these last
criteria, the XLR-132 engine is likely to be better adapted since
it was developed specifically for space transfer vehicles.
A definitive choice on the manned tug engine cannot be
made at this stage of design, but this feasibility study shows
that reasonable amount of propellant for one return journey
between LEO and GEO (Mp < 56t) is only obtained with a favourable LEO orbit (i = 0°), for a low final mass (Mf < 6t), and
with high specific impulse engine (Effective Exhaust Velocity >
3.3 km/s). It represents a lot of constraints; given the low dry
mass of the tug, it could be particularly complex to design a tug
with ECLSS (Environmental Control and Life Support System)
sustaining seven astronauts.
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TABLE 3 Propellant mass for manned tug with different bipropellant commercial engines
Engine

Manufacturer

Mass (kg)

Effective exhaust
velocity (km/s)

Thrust (kN)

Propellant mass (t)

S400-15

EADS Astrium

3.6

3.15

0.43

63.55

YF-73

CALT

236

4.12

44.15

33.03

RL10B-2

United Technologies Pratt and Whitney

301

4.56

110.10

26.50

XLR-132

Rocketdyne

54

3.33

16.70

54.65

4.3.2 Cargo tugs
The requirements on transfer time are much lower regarding
cargo tugs: a return journey must be completed in less than 70
days to enable resupply with only one cargo tug. To avoid the
issue of using a massive amount of propellant, electric propulsion can be a good option. To obtain a reasonable transfer time,
ideally a high initial acceleration is needed, which means high
thrust; but a relatively high specific impulse is also needed to
avoid too frequent refuelling launches. Hall effect thrusters are
therefore the preferred solution.
Still using the favourable example of a LEO relay station
orbiting Earth at an altitude of 400 km with an inclination of
0°, the required ΔV for transfer to GEO is 4.59 km/s. A comparison of different electric engines is shown in Table 4, with
the calculated propellant mass of xenon and the transfer time,
assuming the final mass of cargo tug is set to 10 t (including
20% margin).
Thanks to the high specific impulse of Hall effect thrusters,
propellant mass can be reduced significantly compared to previous calculations for the manned tug: the BHT-20K engine
enables to carry only 4.06 t for a return journey between LEO
and GEO. However, none of the tested electric engines provide
thrust levels high enough to perform the tug transfer in fewer
than 10 weeks, as it is required for continuous resupply of GES.
The achieved transfer time are very far from that objective,
since the best-performing engine, the D-110, still takes more
than two years to perform the transfer.
By clustering several Hall effect thrusters together, it is possible to increase significantly the thrust level. Yet this will also
increase the required mass of propellant, and the consequential
gain on time transfer is too low to reach the objective of a total
transfer lasting fewer than 70 days. Indeed, with nine D-110
thrusters clustered together (which is the maximum to fulfil
the requirement on the maximum mass of propellant below 56
t), the return journey still lasts 313 days.
No satisfactory electric propulsion seems to be available yet
for the cargo tug. However, several solutions could solve that

critical aspect of design: waiting for the development of more
powerful Hall effect thrusters (an engine providing 20 km/s of
specific impulse and 20 N of thrust could perform the return
transfer in 67.5 days), or selecting another kind of propulsion.
Chemical propulsion system can of course be a back-up solution, but a new electric propulsion system such as the Cannae
space freighter (Fig. 4) could fit very well with the needs of the
cargo tug.
5	ENVIRONMENT MANAGEMENT: SPACE DEBRIS ON
ARCHITECTURAL SCALE
There is a concerning amount of space debris in Earth's orbit.
When space debris collides, it produces more debris. To control
the rapidly increasing space debris population, an international effort, implementing mitigation and mediation methods, is
required as soon as possible to maintain the safety of low Earth
orbit (LEO) [21,22].
The proposed Gateway Earth space access architecture will
be the most economically viable system of travelling to geostationary orbit (GEO) and beyond [3]. Gateway Earth will consist of stations in LEO and GEO, with tugs travelling between
them. Requiring safe LEO and GEO environments, a debris
management model should be included in the Gateway Earth
architecture proposal.
Using ESA's DRAMA-2.1 software, debris impact fluxes of
objects in LEO and GEO were compared. It was found that the
debris impact flux on an object in LEO is several orders of magnitude greater than the impact flux in GEO. The Gateway Earth
architecture will use appropriate shielding to protect each component from the space debris environment.
5.1 Orbital Space Debris and Mitigation
Space debris orbits at high velocity, at risk of colliding with other objects, producing even more debris. This chain reaction is
known as the Kessler Syndrome and must be controlled in order for Earth's orbit to be a safe environment for satellites and
space missions [23].

TABLE 4 Propellant mass and transfer time for cargo tug with different Hall effect commercial engines
Engine

Manufacturer

Power (kW)

Effective exhaust
velocity (km/s)

Thrust (kN)

Propellant mass (t)

Total transfer
time (d)

SPT-140

Fakel EDB

4.5

17.15

0.30

7.08

4687.3

BHT-20K

Busek

20.3

26.95

1.08

4.06

1172.8

D-110

TsNIIMASH

3.0

19.60

1.78

5.98

763.1

27.0

19.60

15.99

53.80

312.6

9 X D-110
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Fig.4 Model of Cannae electric space freighter [20].

5.2 Risk Assessment of Space Debris Impact Flux using
DRAMA-2.1
Debris impact fluxes on the Gateway Earth architecture were
analysed using ESA's DRAMA-2.1 modelling software [31].
Scale models of the objects are shown in Fig. 7 overleaf and
their cross sections were calculated using the CROC tool. The
station bodies and solar arrays were split into separate objects.
There are mitigation guidelines, such as those from ESA
[24], that any space mission should follow. The system should
satisfy the following [25]:
•	Launch vehicle should minimise the amount of material
it discards during its mission.
•	The probability of accidental break-up due to system
failure is low.
•	Energy reserves should be depleted by the end of the
mission.
•	On mission completion, a satellite should be deorbited
within 25 years. [26,27]

Fig.5 Total radiation for 1 year spent in GEO with 2.7 grams
per cubic centimetre aluminium shielding [29].Even with these
mitigation measures, travelling through LEO will become too
dangerous without effective active debris removal (ADR) (Fig. 6).

Debris mitigation is related to other safety considerations
as well. Another danger is ionising space radiation, harmful to
humans. Fig.5 illustrates that for a station in GEO, with a wall
thickness of 20 centimetres, twice that of the ISS, would give
a safe annual absorbed dose of less than 10 rads per year [28].
Hence, the final shielding solution for Gateway Earth may well
exceed proposed debris protection requirements, due to space
radiation protection.
TABLE 5 Outline of cross-section areas of modelled objects
with reference to labels for CROC scale models in Fig. 7.
Letter

Object

Cross-section (m2)

A

ISS in LEO

3,800.0

B

Single solar array from ISS

868.7

C

ISS without solar arrays

376.0

D

LEO to GEO tug

E

 EO Gateway Earth Station
G
prototype without solar arrays

50.0
626.14

Fig.6 Predicted evolution of the LEO large debris (larger than
10 centimetres) population for either 0% or 90% of missions
following post mission disposal (PMD) guidelines i.e. satellite
removed from orbit within 25 years of mission completion.) ESA
has shown that the debris population can be stabilised if 5-10 high
risk large objects are removed from LEO each year [30].
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The MIDAS tool determined debris impact flux data for each
object's orbit in ESA's 2009 space debris model environment. If
the debris impact flux is less than that of the ISS, a space station
safe enough for human occupation, then a similarly built GEO
station should be adequately safe.
5.2.1 GEO Gateway Earth Station DRAMA-2.1 MIDAS Analysis
The LEO Gateway Earth station will be of similar design as the
ISS and thus a model of the ISS was used as the LEO station
during MIDAS analysis. The current ISS passes space debris
safety standards and its impact flux can be compared with the
flux on the GEO Gateway Earth station.
The GEO Gateway Earth station prototype configuration
(Fig. 8) is adapted from parallel research, which was outlined
in the earlier part of this paper.
It was found that the GEO station would experience several orders of magnitude less debris impacts than an equivalent
LEO station, as shown in Fig. 9. The Figure 8 configuration of
the GEO station is mainly comprised of Bigelow Aerospace
B330 modules which have a wall thickness of 46 centimetres
[7]. If there is a lower GEO impact flux than LEO, and the GEO
Gateway Earth station has significantly thicker walls than the
ISS, the GEO station will be more protected than the ISS from
space debris.
Assuming the LEO and GEO stations will have similar sized
solar arrays than the ISS, the impact flux on the solar arrays is
also much less in GEO than in LEO, as shown in Fig. 10.

Fig.7 DRAMA-2.1 CROC tool 3D scale models (Table 1) used
during DRAMA-2.1's MIDAS tool analysis.

5.2.2 LEO to GEO Tugs DRAMA-2.1 MIDAS Analysis
The LEO to GEO tug was modelled as a cylinder based on the
dimensions of the Lockheed Martin Jupiter space tug [32]. The
Jupiter space tug is a favourable candidate for this role as it is
designed for on-orbit refuelling and it fits in the SpaceX Falcon
9 payload fairing [33]. The impact flux on the tug in LEO and
GEO is presented in Fig. 11.
The tug will experience the highest debris impact flux while
in the LEO region. Being small and manoeuvrable, these tugs
can avoid large debris impacts, so wall thicknesses of 10-20
centimetres should suffice, likely similar to the shielding on the
based-on-the-ISS LEO Gateway Earth station.

Fig.9 MIDAS predicted annual impacts vs diameter of impactor
for LEO and GEO stations.
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Fig.8 GEO Gateway Earth station prototype configuration (also
Fig. 7, panel E).

5.3 Potential Gateway Earth Space Debris Management
Model
Based on the DRAMA-2.1 MIDAS data, the debris management measures in Table 6 should be implemented, accompanied by appropriate legislation. As Gateway Earth is inter-

Fig.10 MIDAS predicted annual impacts vs diameter of impactor
for LEO and GEO solar array.
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TABLE 5 P
 otential Gateway Earth Space Debris
Management Model
Gateway Earth step

Management measures

LEO - ADR

E stablished an ADR system in LEO to prevent
the Kessler Syndrome before construction
of Gateway Earth. (Kessler et al, 2010). ESA's
'e.deorbit' spacecraft combined with NASA's
JPL robotic gripper could dispose of tumbling
objects with high precision.

LEO - Tracking

T he space debris population, most importantly
in LEO, should be tracked using improved
on-Earth tracking as well as onboard detectors
fgor inspection of outer shielding and radiation
levels.

Fig.11 MIDAS predicted annual impacts vs diameter of impactor
for LEO and GEO tug.

LEO - LEO Station

national, all countries involved should have an obligation to
protect it.

 tation should have similar thickness shielding
S
as the current ISS (~10 cm) and is able to make
occasional collision avoidance manouevres.
Fuel tanks in LEO should have slightly thicker
shielding.

LEO - GEO tugs

T ugs should have similar shielding to the ISS
and be able to avoid large debris easily.

 EO Gateway Earth
G
Station

T he GEO station requires greater than 20 cm
thick shielding which is provided by the B330
walls. (Cate, 2003). Therefore the Augrandjean/
CEDG designed configuration for the GEO
station will be safe in the space debris
environment. (Augrandjean, forthcoming). The
46 cm thick shielding provides protection from
from debris in GEO, where evasive manoiuevres
of such a large station would be impractical.
Hence, a small emergency ADR spacecraft
docked on the GEO station could launch and
dispose of a high risk object.

6	DEVELOPING THE ECONOMIC MODEL: GEO SATELLITE
SERVICING OPPORTUNITIES
6.1 Present-day market
In order to analyse the potential size of GEO satellite in-orbit
manufacturing and servicing opportunity, we first examined
the current status of GEO assets. In particular, we looked at a
list of satellites currently in geostationary orbit [34] and then
confirmed each satellite's launch year and active status from
other sources [35, 36].
Communications and weather satellites like the ones in
GEO typically have a lifespan of around 15 years. Calculation
shows that an average of 25 GEO satellites have been launched
per year since 2000. If each satellite is assumed to require refuelling/servicing 15 years after launch, a present-day Gateway
Earth would potentially have 25 contracts per year from 2017
to 2032.
How much does it cost to launch a satellite to GEO? As a
cost example, the Atlas 5 431 has a list launch price to geosta-

Overall, as the LEO Gateway Earth station will likely have the
same design and shielding as the ISS and will have the same
space debris impact risk as the ISS. The LEO to GEO tugs will
have similar shielding and will experience small debris impacts
frequently, requiring occasional repairs. The GEO Gateway Earth
station has a lower space debris impact risk than the LEO station,
but has thicker walls to protect from the greater space radiation
at this altitude. Hence, Gateway Earth can safely exist in the space
debris environment, provided the debris population is controlled
with mitigation and active debris removal efforts.

Fig.12 Age distribution of satellites in geostationary orbit.
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tionary orbit of $132 million [37]. A launch by Arianespace to
geostationary transfer orbit costs $200 million, while United
Launch Alliance reports the average cost across its fleet for a
launch to be $225 million and SpaceX launches to GTO for as
low as $62 million [38]. Launch costs can, however, range as
high as $400 million [39]. The cost of designing a weather satellite is typically around $290 million [39]. Satellites costs have
been rising, with GPS III satellites costing around $500 million
[22] and NASA's GOES-R weather satellites will cost a total of
$11 billion total for 4 satellites (manufacturing and launch) or
$2.75 billion for one satellite [40]. This gives as varying as $352
million, $490 million, $690 million and an outlier of $2.75 billion for the manufacturing and launch costs of a GEO weather
or communications satellite. This report will take a range of
$350-$700 million to be the total cost of a typical GEO satellite.
Gateway Earth would have to charge less than this for its
repair/refuelling service in order to make the service valuable
to customers, i.e. to make servicing the satellite most cost-effective than replacing it. A low-end estimate of the revenue
stream, assuming the repair/refuelling returns the satellite to
full operational condition, would then be 25 x $350 million per
year = $ 8.75 billion per year. The maximum revenue stream
would be 25 x $700 million per year = $17.5 billion.
How much would this contribute to the operating costs of a
Gateway Earth space station? One approach for estimating the
operating costs of Gateway Earth is to start with the operating
costs of the International Space Station and scale them by the
ratio of cost/kg for launches to GEO and cost/kg for launches to LEO. The annual operating costs of the ISS according to
NASA's budget vary from year to year, but are estimated at $3$4 billion through 2024 [41]. Estimates of the total cost of the
ISS over 10 years range from $35 billion to $160 billion [42] or
$3.5-$16 billion per year. Cost per kg for launches also varies
widely, from about $4000-$15,000/kg for LEO and $10,000$27,000/kg for GEO [43].
A scaling factor can be constructed from the ratios of the average cost for each orbit based on the available data. The average cost/kg for transfer to LEO was found to be $9351 and the
average cost/kg for transfer to GEO was found to be $18,023,
resulting in a scaling factor of 1.93. This gives operating costs
for Gateway Earth of approximately $5.8-$7.7 billion based on
NASA's budget for the ISS and $31 billion as the upper end
based on the total cost estimate. Even assuming the smallest
revenue stream of $8.75 billion predicted by this model, the
contribution made by satellite servicing is significant and may
already fully cover the annual operating costs. A commercial
satellite repair and refuelling service is therefore a viable funding source for Gateway Earth based on the present-day market.
6.2 Projected 2040 market
Assuming a 15-year service life, satellites launched in 2025
would be due for repairs in 2040. Euroconsult's World Market Survey “Satellites To Be Built & Launched by 2025” predicts that 145 satellites with a launch mass over 50 kg will be
launched in 2025; if satellites smaller than 50 kg are included,
the total number is 9,000 for the decade, or an average of 900
per year [40]. The report cautions that the 755 small satellites
launched per year will represent no more than 7% of the total
spending on all satellites, as the purpose of small satellites is to
be cost-effective. The report brochure also finds that there has
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been a 54% increase in satellites launched from decade to decade and that 40% of revenues are from satellites launched into
GEO. These figures can be used to construct two speculative estimates of the number of GEO launches in 2025 and therefore
the number of GEO satellites needing repair by 2040.
Taking 29 satellites to be the average per year from 20062016, an increase of 54% in the decade from 2017-2026 would
be 45 satellites. Using the above model cost range of $350-$700
million, the potential revenue stream from repair of these satellites would move within a range of 45 x $350 million = $ 15.75
billion to 45 x $700 million = $31.5 billion. Starting with the
40% figure instead, 40% of the 145 figure given by the Euroconsult report is 58. 58 x $350 million = $ 20.3 billion and 58
x $700 million = $40.6 billion. As percentage of revenue is not
necessarily proportional to the percentage of satellites and the
cost of a GEO satellite is typically higher than that of a LEO
or MEO satellite, the first (lower) estimate is a better model
figure. However, other factors discussed below may cause the
GEO satellite population to remain static even if the total satellite population in all orbits increases.
7

CONCLUSION AND NEXT STEPS

We are hoping the research endeavours outlined above will further continue to produce concrete solutions for technical and
operational challenges of such a complex mission. These efforts
are leading towards a fully costed and detailed white paper proposal, which is scheduled for completion in 2020. At that stage,
we will be looking to form and steer a group of internationally
significant stakeholders who are to build, launch and operate
this architecture.
Of particular focus going forward will be the detailed logistic operations, specific business model analysis and a detailed
examination of the legal and political framework for Gateway
Earth operations.
As always, our doors are opened to new members, hence
we are calling on all readers with an interest in space access
architecture development or with a stake in any of the relevant
technology, science, policy or legal fields, to get in touch and
join our newsletter subscription via our website: http://www.
gatewayearth.space/join-us
Acknowledgements
Gateway Earth Development group is very grateful to all its
partners and supporters for their input in the development and
design of our proposal.
We also thank all our student researchers and their mentors: Frank Augrandjean and Solène Doublet from Cranfield
University, and their mentors Prof Stephen Hobbs (Cranfield)
and Matthew Stuttard (Airbus DS); and Maureen Cohen from
Herriot-Watt University and Angus Millar from the University
of Edinburgh, who were supervised by our Policy Lead, Matjaz
Vidmar and Prof Wayne Holland, from UK’s Science and Technology Facilities Council (STFC).
Finally, we gratefully acknowledge financial and in-kind
support from the UK’s Engineering and Physical Science Research Council (EPSRC), STFC, Airbus DS and the universities
of Edinburgh and Canfield.

PUTTING THE PROPELLANT IN THE FUEL TANK Developing the Technical and Operational Framework for Gateway Earth Access Architecture

REFERENCES
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.

13.
14.
15.
16.
17.
18.

19.
20.
21.
22.

D. Webber, Space Tourism - Essential Step in Human Settlement of
Space, in: 63rd Int. Astronaut. Congr., 2012: pp. 1–7.
D. Webber, Bridgehead - Interplanetary Travel Becomes Routine, in:
IAA Sp. Explor. Conf., 5th ed., 2014: pp. 1–7.
D. Webber, “Gateway Earth” – Low Cost Access to Interplanetary Space,
in: AIAA Reinventing Sp. Conf. 2015, 2015.
M. Vidmar, A. Luers, TO GEO AND BEYOND: Gateway Earth Space
Access Architecture, in: Reinventing Sp., 2016.
M. Vidmar, D. Webber, Gateway Earth: A Pragmatic Modular
Architecture for Space Access and Exploration, in: Proc. 68th Int.
Astronaut. Congr., Adelaide, 2017.
D. Webber, Space tourism: Its history, future and importance, Acta
Astronaut. 92 (n.d.) 138–143.
G. Valle, N. Wells, Bigelow Expandable Activity Module (BEAM) ISS
Year-One, ISS R&D Conf. (2017). http://www.virgingalactic.com/
human-spaceflight/fly-with-us/.
Bigelow, B330, (2018BC). https://bigelowaerospace.com/b330.
F. Cucinotta, M. Kim, L. Chappell, Space radiation cancer
risk projections and uncertainties-2010, NASA Tech. Pap.
(2011) 1–132. http://www.csc.caltech.edu/references/
SpaceRadiationCancerRiskProjectionsandUncertainties.pdf.
M.D. Richard S. Williams, NASA Space Flight Human-System Standard
Volume 1, Revision a: Crew Health, 1 (2015) 83.
F.A. Cucinotta, Radiation Risk Acceptability and Limitations, (n.d.).
https://three.jsc.nasa.gov/articles/AstronautRadLimitsFC.pdf.
R.C. Singleterry, S.R. Blattnig, M.S. Clowdsley, G.D. Qualls, C.A.
Sandridge, L.C. Simonsen, T.C. Slaba, S.A. Walker, F.F. Badavi, J.L.
Spangler, A.R. Aumann, E. Neal Zapp, R.D. Rutledge, K.T. Lee, R.B.
Norman, J.W. Norbury, OLTARIS: On-line tool for the assessment of
radiation in space, Acta Astronaut. 68 (2011) 1086–1097. doi:10.1016/j.
actaastro.2010.09.022.
R. Singleterry, OLTARIS: On-Line Tool for the Assessment of
Radiation In Space, AIAA Sp. 2009 Conf. Expo. 68 (2009) 1086–1097.
doi:doi:10.2514/6.2009-6645.
L.W. Townsend, D.L. Stephens, J.L. Hoff, G.S. Braley, H.M. Moussa,
Worst Case Solar Energetic Particle Events for Deep Space Missions, in:
31st Int. Conf. Environ. Syst., 2001. doi:10.4271/2001-01-2330.
K.J. Kennedy, ISS TransHab : Architecture Description, 29th Int. Conf.
Environ. Syst. 2 (1999). doi:10.4271/1999-01-2143.
D. Stilwell, R. Boutros, J.H. Connolly, Crew Accommodations, Hum.
Spacefl. Mission Anal. Des. 18 (2000) 575–606.
K.J. Kennedy, R.A. Tx, Lessons from TransHab: AN ARCHITECT’S
EXPERIENCE, AIAA Sp. Archit. Symp. (2002) 10–11.
doi:10.2514/6.2002-6105.
P. Lopez, E. Schultz, B. Mattfeld, C. Stromgren, K. Goodliff, Logistics
needs for potential deep space mission scenarios post Asteroid
Redirect crewed Mission, in: IEEE Aerosp. Conf. Proc., Montana, 2015.
doi:10.1109/AERO.2015.7119161.
FAA AST, The annual compendium of commercial space transportation:
2013, 2017.
Cannae, SPACE FREIGHTER | Cannae, in: Accessed, 2017: pp. 15–09.
http://cannae.com/space-freighter/.
NASA, Reference Guide to the International Space Station, (2010) 140.
http://www.nasa.gov/pdf/508318main_ISS_ref_guide_nov2010.pdf.
P.K. Martin, Extending the Operational Life of the
International Space Station Until 2024, NASA. Available. 031

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.

(2014) 1–56. http://tu9srvbirvvtmjikb2lnlm5hc2euz292.
g00.popsci.com/g00/2_d3d3LnBvcHNjaS5jb20%3D_/
TU9SRVBIRVVTMjIkaHR0cHM6Ly9vaWcubmFzYS5nb3 YvYXV
kaXRzL3JlcG9ydHMvRlkxNC9JRy0xNC0wMz EucGRm_$/$/$/$/$.
NASA, USA Space Debris Environment, Operations, and Policy
Updates, in: Sess. Sci. Tech. Subcomm. Comm. Peac. Uses Outer Sp.,
53rd ed., 2011.
ESA Space Debris Mitigation WG, ESA Space Debris Mitigation
Compliance Verification Guidelines, (2015) 1–95. http://www.iadconline.org/References/Docu/ESSB-HB-U-002-Issue1.
E. Johnston, List of Satellites in Geostationary Orbit, Satell. Signals. 2
(2018). http://www.satsig.net/sslist.htm.
V. Cate, Radiation, (2003). http://spacetethers.com/radiation.html.
S. Chaddha, Space Debris Mitigation, Ssrn. (2010). doi:10.2139/
ssrn.1586539.
D.J. Kessler, N.L. Johnson, J.-C. Liou, M. Matney, The Kessler
Syndrome : Implications to Future Space operations, Adv. Astronaut. Sci.
137 (2000) 47–62.
T.S. Kelso, NORAD Two-Line Element Sets, Celestrak. (2016). https:/
www.celestrak.com/NORAD/elements/.
European Space Agency, Space Debris: the Esa Approach, (2017) 1–16.
doi:BR-336.
E.S.A. Esoc, S. Debris, Debris Risk Assessment and Mitigation Analysis
( DRAMA ), in: Softw. User Man., 2017: pp. 1–67.
Lockheed-Martin, Jupiter crs factsheet., (n.d.). http://lockheedmartin.
com/content/dam/lockheed/data/corporate/documents/Jupiter CRS
Factsheet Final.pdf.
SpaceX, Falcon 9, (2017BC). http://www.spacex.com/falcon9.
E. Kyle, Space Launch Report, (2017). http://www.spacelaunchreport.
com/.
Satbeams, (n.d.). https://www.satbeams.com/.
C. Henry, MDA restarts satellite servicing business with SES as first
customer, SpaceNews. (2017).
R. Smith, How much does it cost to launch a satellite?, Motley Fool.
from: (2016). https://www.fool.com/investing/2016/06/24/how-muchdoes-it-cost-to-launch-a-satellite.aspx.
G. Brown, W. Harris, How Much Do Satellites Cost? - How Satellites
Work | HowStuffWorks, Available. from: (2018). https://science.
howstuffworks.com/satellite10.htm.
G. Leopold, DARPA seeks to bring satellite costs back down to earth,
Def. Syst. from: (2013). https://defensesystems.com/articles/2013/12/13/
darpa-space-access.aspx.
E. Berger, America’s new, super-expensive weather satellite launches
Saturday, from: (2016). https://arstechnica.co.uk/science/2016/11/goesr-satellite-launch-noaa/.
Wikipedia, International Space Station, (2014). https://en.wikipedia.
org/wiki/International_Space_Station.
Wikipedia, Comparison of orbital launchers families, Available. from:
(2016) 1–13. https://en.wikipedia.org/wiki/Comparison_of_orbital_
launchers_families.
Euroconsult, Brochure: Satellites to be built & launched by 2025.
Euroconsult. Available from, (2016). http://www.euroconsult-ec.com/
shop/space-industry/86-satellites-to-be-built-launched-by-2025.html.
[25] E. Johnston, List of Satellites in Geostationary Orbit, Satell.
Signals. 2 (2018). http://www.satsig.net/sslist.htm.

Received 4 November 2017 Approved 8 October 2018

JBIS Vol 71 No.3 March 2018 111

JBIS VOLUME 71 2018 PAGES 112–116

USE OF EXPOSOMES

to assess astronaut health
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This short paper discusses the potential hazards and exposure health risks of space exploration and the need
for astronauts to be able to prevent the development of disease. The concept of exposomes as a measure of all
environmental exposures over a lifetime is defined including the use of exposomes as an astronautical hygiene tool to
assess the risks to health. The application of exposomics and “Omic” based technologies by the use of bio-markers of
disease to measure exposure is also discussed. This will be followed by two examples of the application of exposome
technology to identify extra-terrestrial environmental exposure and to prevent the development of astronaut disease during
spaceflight and during living and working in a Martian colony.
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1

INTRODUCTION

Astronauts and other space travellers will be exposed to a range
of specific health hazards during space exploration. Potential
exposure to these hazards will occur during interstellar space
travel, during living and working inside a space station or a
space colony and during extravehicular activity (EVA) to study
a planets terrain or to maintain a spacecraft. These hazards will
include microgravity, radiation, chemicals, microbes etc [1].
The health risks associated with exposure to the range of hazards encountered in space will vary from individual to individual and will depend on several factors. These will include:
–
–
–
–
–
–
–
–

the genetic make-up of the astronaut;
the hazard(s) encountered;
the length of time of exposure;
the routes of exposure;
whether the exposure is multifaceted;
the concentration and potency of the hazard(s);
interactions between one or more hazards; and
the level of control to mitigate the effects of the exposure.

Managers and health professionals will expect that during
spaceflight there will be sub-set populations of astronauts and
astronaut-scientists undertaking specific tasks that will expose
them to a varying combination of hazards. It is expected that
over time some individuals within the astronaut population
sub-set groups will develop a specific disease with an unknown
pathology.
Because of the implications in terms of the intellectual commitment by space personnel and the expensive cost of training
such staff in particular the astronauts, it will be especially important that the astronauts chosen will be those that have the
most effective and efficient immune systems. This will enable
them to resist as far as possible the affects of the hazard expo112 Vol 71 No.3 March 2018 JBIS

sures on their bodies to which they will be subjected [2] [3].
However, even if those selected for exploring space are
unique individuals in terms of their immune systems, it will still
be advantageous for the future of a mission that there is a measure of all potential exposures that an astronaut may have been
exposed to over a lifetime on Earth and also those encountered
in space. The measurement of the exposures will significantly
reduce the health risks by identifying the potential for a disease
to develop that may not depend specifically on the functioning
of the immune system.
Globally, the risks of developing terrestrial chronic disease
that are attributed to both environmental and genetic factors
are estimated by the World Health Organisation (WHO) to be
between 70% to 90% [4] [5]. These high health risks are mostly
due to the exposure/body responses associated with living and
working in different environments. In the future, as space exploration gathers pace, the exposure health risks will increasingly include living and working in the space environment.
During a career, each astronaut will need to be assessed as
part of health surveillance and a careful record kept of hazard(s)
exposure. This will involve the use of mapping and section analysis of each astronauts’ human genome via the use of exposome
bio-markers [6]. Bio-markers e.g. chromosomal aberrations,
have been used to monitor astronaut radiation response and
dose effect levels and to assess the risk of developing disease [7].
Genomic bio-markers e.g. measured changes in DNA have been
used to detect astronaut chronic disease in the early stages [8].
2

DEFINITION OF EXPOSOMES

2.1 Definition
For all individuals, Wild [9] has stated that the exposome can be
defined as the measure of all the environmental exposures (in-
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cluding diet, lifestyle, pollution and infections) over his or her
lifetime of living and working terrestrially. In response to the
genetic and environmental factors, such exposomes will produce their own “omic” signatures for example, metabolomes,
adductomes and a number of potential bio-markers including
cytokines, hormones and antibodies [10].

ers of the exposure affects on the body and the related health
effects. This will incorporate the need to accurately measure
personal exposures to one or more hazards. It will also include
a need to monitor the exposure health effects to a range of hazards or to limit the exposure monitoring to one major hazard
such as radiation and chemical exposure [15].

For astronauts, this will include those exposures encountered
whilst living and working extra-terrestrially in specific environments. To characterise the exposome, the exposures from all
sources will need to be combined to link how each exposure
that reaches the internal chemical environment relates to the
development of health effects [11].

The results of such studies will further the understanding
of disease processes as they occur in space and their possible
causation and pathology. The recorded results will be used to
identify and catalogue the symptoms of a disease as it develops
within an astronaut population.

For astronauts, this will also include a need to understand
how past environmental and occupational exposures have affected each individual whilst living and working terrestrially.
To identify and measure an exposome, all the exposure connections will need to be encompassed together with the joint
effects resulting from the environmental, genetic and epigenetic factors (i.e. an individual’s exposure biology and external
modifications to DNA) linked to produce a map. With careful
mapping, it should be possible to relate the hazard/exposure
to specific tasks and link this with the development of specific
health effects.
2.2 Astronaut exposomes
Whilst working in space and carrying out EVA, the astronaut
will be exposed to many hazards in particularly high levels of
radiation. The risks of developing health effects due to radiation
exposure will not only be the result of direct exposure. Potential health effects will be related to several factors including the
strength of the astronaut’s immune system, the affects of microgravity and exposure to a range of past hazards linked to diet,
lifestyle, the spaceship chemical environment and the body response to microbial contamination [12].
An astronaut’s genetic composition, physiology and epigenetics will respond to the range of hazard exposures and be affected accordingly. The confined nature of the spacecraft and
space colony environments will produce their own unique exposures that will contribute to the characterisation of the exposomes and produce specific exposure health effects [13].
2.3 Exposomics
Exposomics or the study of the exposomes mapped (detected by
the use of chemical specific assays, by the use of bio-markers in
blood including cytokines, hormones and antibodies, serum and
breath) [14] will be an astronautical hygiene tool that will be:
– utilised to assess hazard exposure;
–	used to assess the potential exposure health risks during a
spaceflight i.e. to predict those astronauts most at risk of
developing symptoms of physical disease; and
–	to determine the most effective measures to mitigate exposure.
3

APPLICATION OF EXPOSOMES

3.1

Introduction

Exposomics is the application of an integrated multi-layered approach to determine individual profiles by the use of bio-mark-

This will be critical because space travel is in its early stages and the astronauts will be exposed to extreme environments
with unknown consequences for the body. How the body responds to known and as yet unknown hazards will need to be
accurately recorded to identify specific disease pathologies as
they arise.
3.2 Exposomics, metabonomics and adductomics use
The application of exposomics together with the use of metabonomics and adductomics using DNA and protein adduct measurement techniques respectively will be used and developed to
establish exposure-disease relationships. Such methodologies
have been applied by workers such as Vermeulen [16] in terrestrial occupational hygiene studies to determine the affects of the
totality of exposures during a lifetime in high risk workplaces.
Specific exposome studies based on an understanding of the
hazards encountered during space travel will need to be developed to investigate the causes of chronic and possibly acute disease arising from work in space.
As man develops colonies on the Moon and on other worlds
and sends missions to interstellar space, the nature of the exposomes characterised will become more complex because:
– new hazards will be identified;
– there will be the use of more effective controls to mitigate
hazard exposure; and
– of changes in the susceptibility of the astronaut population.
The use of appropriate exposome bio-markers will be important to identify and map these changes [17].
3.3 Screening of astronauts
The regular screening of astronauts using specific chemical
bio-markers may identify those astronauts at the greater genetic
exposure health risks from a range of hazards encountered in
the space environment:
– prior to travelling into space;
– whilst travelling in space;
– or whilst living and working within a space colony.
The astronauts most susceptible to developing a particular
disease(s) will be screened out from the overall astronaut population pool. This selection over a long-time period will result
in the development of astronauts with increased resistance to
specific hazards such as radiation and the affects of microgravity. Those astronauts with highly selected resistance to one or
more common hazards such as radiation will most likely be
those chosen to explore the worlds and environments in parJBIS Vol 71 No.3 March 2018 113
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ticular where exposure could cause disease in more susceptible
individuals.

and sources of exposure will be used to identify the environmental exposures associated with specific disease pathologies.

The use of exposomes for selection purposes may limit the
freedom of those most susceptible astronauts to undertake scientific exploration in space. This could cause conflict in particular if those astronauts discriminated against were from Earth
whereas the “hardy” astronauts were space colonists.

At present, the time an astronaut spends in space is linked to
several factors for example, the background experience of the
astronaut, the range of experiments to be carried out and the
finance provided by the sponsoring country or organisation to
a space programme. The time spent in space will not therefore
be constant; it may be no more than a few days in some cases.

However, the results of the artificial selection process using
the results of bio-markers as selection determinants could be
beneficial. Unknown risk factors could be detected through the
regular monitoring of certain genetic traits as reflected by an
analysis of an astronaut’s urine, blood, breath or a combination
of two or more. In general, the higher the levels of a substance
monitored as a bio-marker, the higher the exposure and the potential to be more susceptible to disease if selected [18]
The exposome is unlike the human genome in that it is a
highly variable and dynamic entity that changes or evolves during the lifetime of each individual [19]. It reflects exposures to
a range of environmental and occupational hazards and hence
can be used as a surrogate to select those best for working or
exploring a particular extraterrestrial environment.
The use of a cohort study design together with a refined questionnaire-based approach will suit the use of specific exposure
markers [20]. This will be important for determining the health
effects arising from potential unknown exposure for example,
to a specific mutated organism inside a spaceship that causes infection or from exposure to an Archaea-like organism that has
developed increased virulence.
It has been indicated by van Tongeren and Cherrie [21] that
the use of environmental fingerprints of exposure based on
transcriptomics (e.g. identifying DNA adducts), proteomics
(e.g. identifying specific protein groups) and metabonomics
(e.g. determining metabolic profiles) could be developed to relate to specialised environments. Investigations carried out in
space and applying “omics” technologies will determine and
characterise exposures from a number of sources.
4

CASE STUDIES OF EXPOSOME USE

4.1 During Spaceflight
This section provides a general example of how the concept of
the exposome can be applied to identify how the affects of environmental exposures during long-term spaceflight can be used
to assess astronaut health risks to disease. In both the terrestrial
and extra-terrestrial environments, the definition of an exposome can be conceptualised to be a record of all exposures both
internal and external that the astronaut receives during his or her
time in space [22].
To characterise an exposome, the measurement of one or
more bio-markers of the health effects from exposure to a specific chemical(s) encountered in the spacecraft (e.g. from the water
supply, from off-gassing) and/or in the colony building air (e.g.
volatile organic compounds) could be utilised. Alternatively,
how the body biochemistry responds to varying background radiation and microgravity could be determined by for example,
measuring the level of endocrine disruptors, immune modulators, receptor-binding agents, telomere length. Follow–up exposure-specific monitoring studies to determine exposure response
114 Vol 71 No.3 March 2018 JBIS

However, in the future as space exploration becomes more
commonplace, astronauts may spend up to several years in
space during one or more space missions. The pilots of holiday
spaceships may be expected to spend a whole career. The time
span will increase as interstellar space becomes common, planets are colonised and spaceships are designed for long journeys
that could span generations resulting in many years in space.
Due to the expected long time periods in space, it is highly
probable that exposure to a range of hazards will cause as yet
unknown health effects in particular due to changes in the body
biochemistry and the immune systems response to the subsequent exposure affects. Exposomes will be particularly important in such cases to determine and monitor body changes and
relate the changes to the specific range of ill health symptoms.
The measurement of specific bio-markers could be used to select those who would be especially susceptible to specific types
of radiation exposure in the future.
It is known at present that microgravity alters an astronaut’s
biochemistry in particular that associated with the muscles and
bones whereas exposure to radiation can increase the rate of
microbial mutation and the potential for increased microbial
virulence and disease [23]. Such changes will contribute to the
production of specific exposomes.
4.2 Use of exposomes in a Martian colony for preventing
disease and potentially limiting astronaut freedom
Inside a Martian colony, the atmosphere will be artificially generated to ensure that it is similar in composition to that found
on Earth. However, because of the enclosed nature of the colony
environment, there will be airborne contaminants and inhalation exposure [24] [25] to the substances arising from the use of:
–
–
–
–

generators;
fans to provide fresh air and remove stale air;
machinery and equipment; and
the life support systems

There will be the potential for skin and eye exposure and ingestion exposure arising from:
–	
microbial cross contamination including skin to skin
transfer and hand to eye contact;
–	the ingestion of a range of food eaten and associated drinks
drunk; and
–	the build up of microbial bio-films on surfaces and the
high risk of finger contact resulting in skin and ingestion
exposure etc [26].
In addition, there will be the continual background exposure
to radiation, weightlessness (in those areas without artificial
gravity provided), noise and lighting.
The external environment of the planet will be in contrast to
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the internal environment to which the colonists will be exposed.
Whilst outside the “safe” environment of the colony and during
EVA the astronauts will be exposed to specific hazards such as
dust, higher levels of radiation and increased concentrations of
chemicals within the spacesuit. In susceptible individuals such
mixed exposures may lead to inflammation, xenobiotics affecting pre-existing disease and changes to the gastrointestinal flora
causing oxidative stress [27].
Over time and depending on the type of work undertaken
and the size of the astronaut population exposed, hazard exposure from both the internal colony and the external Martian environments will affect the range of exposomes produced by the
body in response to the overall exposure. The range of exposomes produced may include body metals, reactive electrophiles
and receptor-binding proteins.
The range of hazards encountered on Mars have the potential for causing both acute and chronic health effects for example, exposure to radiation may cause cell damage resulting in
inflammation [28]. Exposure to dust may result in respiratory
disease. Astronautical hygienists will need to assess the exposure health risks by measuring specific exposomes in particular
the bio-markers (i.e. exposure signatures) produced by the body
in response to the specific hazards. The calculated levels of risk
assessed from the measurement of specific bio-markers will be
used to determine the most effective measures to mitigate exposure and significantly reduce the potential for health effects
The use of “omic” technologies will be used to screen the
whole astronaut population at risk in the Martian colony and
then try to determine those most susceptible to disease. Such
screening may be used by a Martian settlement leader to limit
the freedom of specific astronaut groups; it will be those least
susceptible to overall environmental exposure that will be chosen to explore specific regions of the planet and thereby gain any
benefit from their discoveries.
“Omic” profiles or distinct fingerprint signals that have
been identified for specific biological substances will be used
as bio-makers of toxic exposure to assess a specific disease risk
[29]. Studies of the levels of one or more bio-markers in the

body over time from the settlers will be necessary to determine
the validation of such tests for example, will there be between
study reproducibility/intra astronaut variabilities and relationships within the samples taken. As the human body adapts to
life on Mars and other worlds it is highly likely that there will
be significant changes in the bodies biochemistry in response
to environmental changes e.g. excess exposure to radiation and
reduced gravity, working in artificial lighting, the affects of enclosed living, the food eaten and the air breathed [30].
The construction of an occupational exposome for use during space exploration on Mars will therefore be based;
– on the work being undertaken including EVA;
–	
on the identification of those astronauts with specific
health effects; and
–	by the linking of high levels of a suitable bio-marker (s)
with specific concentrations of an outside hazard either
biochemical or microbial.
This will produce a complex network of those individuals
with health effects relating to one or more elements of exposure
e.g. Martian surface dust. Using exposure mapping link studies,
it should then be possible over time to associate a potential set
of hazards to a particular disease process and outcome [31].
Emerging diseases will be quicker to forecast and therefore
to prevent using mapping studies. This will be particularly important for long interstellar flights where the emerging of a new
disease could be catastrophic for those on board and for those
colonists living and working in established colonial habitats.
5

CONCLUSIONS

During the exploration of space and the development of space
colonies, the astronauts and other explorers will be exposed to a
range of hazards and the risks of developing disease. The application of exposome and “Omic” analysis techniques (e.g. measurement of bio-markers) during space travel will be a useful
astronautical hygiene tool for assessing the risks to health from
hazard exposure and for determining the measures to mitigate
exposure.
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FORTHCOMING LECTURES & MEETINGS OF THE BIS
SOUTH WEST BRANCH: TO MARS VIA KAZAKHSTAN

5 October 2018, 7.30pm
VENUE: Bath Royal Literary and Scientific Institution, 16 Queen Square, Bath, BA1 2HN
Terry Ransome, retired aerospace engineer, talks about his work on Beagle 2. Registration is not necessary.
BIS/Herschel AstroSoc members/students pay £2 on the door; other visitors pay £4.

SPACE DAY

6 October 2018
VENUE: The Hive, Sawmill Walk, The Butts, Worcester WR1 3PD
Twenty exhibitors so far, and counting! To book a free stand, email west-midlands@bis-space.com.Attendance
is also free and there's no registration. Please join us if you can.

APOLLO 7 – THE FIRST FLIGHT

11 October 2018, 7pm
VENUE: BIS, 27/29 South Lambeth Road, London, SW8 1SZ
Jerry Stone presents the first in his series of lectures about every manned Apollo mission.

BIS PRESTIGE LECTURE: WALLY FUNK & SUE NELSON

16 October 2018, 6pm
VENUE: BIS, 27/29 South Lambeth Road, London, SW8 1SZ
A special evening of canapés, talks and Q&As with American aviator Wally Funk and award-winning
podcaster Sue Nelson. Members £20, Non-members £30. Pre-booking on the BIS website is advised.

CATCHING STARDUST

8 November 2018, 7pm
VENUE: BIS, 27/29 South Lambeth Road, London SW8 1SZ
Natalie Starkey, a geologist and cosmochemist, joins us to discuss her book Catching Stardust, telling the story
of comets and asteroids.
Call for Papers

INTERNATIONAL SPACE STATION FORUM

14 November 2018, 9.30 am to 5pm (tbc)
VENUE: BIS, 27/29 South Lambeth Road, London SW8 1SZ
A forum to celebrate the 20th anniversary of operations aboard the ISS. Please email info@bis-space.com with
any ISS-related papers.

WEST MIDLANDS BRANCH:
STARSHIP ENGINEERING & PROJECT CHEVALINE

17 November 2018, 1,45pm
VENUE: The Gardeners Arms, Vines Lane, Droitwich, WR9 8LU. (We regret there is no disabled access to this
venue.)
Rob Swinney of www.i4is.org talks about how to design a starship.

John Harlow and Paul Jackman remember Project Chevaline and the twin chamber propulsion unit.
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