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A B S T R A C T

In recent years, air-breathing electric propulsion emerged as a potential enabling technology for long-duration
space missions in Very Low Earth Orbit (VLEO). In this work, we show how the complex relation between
mission environment, spacecraft configuration, and propulsive performance can be associated to a single
requirement for full air-breathing drag compensation, which becomes less stringent for higher VLEO orbits.
The impact of the spacecraft shape and size on the performed analysis is then evaluated and the results
compared with conventional electric propulsion solutions with stored propellant, showing how the adoption
of air-breathing propulsion becomes more advantageous, from a volume and mass fraction perspective, when
the spacecraft scale is reduced.
1. Introduction

The operation of space assets in Very Low Earth Orbit (VLEO),
i.e., below an altitude of 400 km, would offer notable benefits over
higher altitude missions [1,2]. First, operating closer to Earth’s surface
yields advantages for communication missions by reducing latency
and transmission power while maintaining data link performance. It
also improves Earth observation missions by enhancing reconnaissance
conditions [3]. Lowering the spacecraft altitude allows for improved
payload performance [4,5], enabling a potential reduction in the size
of satellite platforms. Additionally, by operating below 250 km and
within the high atmosphere, the spacecraft experiences lower radiation
levels [6]. Moreover, VLEO offers the advantage of automatic re-entry
and disposal due to atmospheric drag, which is an important feature
considering the growing debris population [7].

However, to operate a satellite system in VLEO the significant drag
experienced requires a propulsion system for compensation. This ties
the platform’s lifespan to the amount of propellant stored onboard and
poses challenging requirements on the system design since the platform
size and drag are influenced by the propellant mass. Therefore, apart
from exceptional cases like GOCE [8,9] and SLATS [10], satellites typi-
cally do not operate in VLEO. SLATS was released at an altitude of 630
km and used a combination of chemical propulsion and aerobraking
to lower its altitude to the 270–170 km altitude range, where an ion
engine was used for drag compensation. In this VLEO phase of the
mission, SLATS exhausted its 10 kg stored xenon propellant in 90 days.
GOCE was released at an altitude of 283 km, it operated stably at
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E-mail address: vittorio.giannetti@santannapisa.it (V. Giannetti).

260 km for 2 years and 10 months and then its altitude was gradually
lowered to 229 km, using xenon ion engines for drag compensation.
GOCE stored 41 kg of propellant. It is worth noting that both spacecraft
consumed the on-board stored propellant in just a few months when
their altitude was lowered below 250 km.

The concept of an air-breathing electric rocket (AER) or air-
breathing electric propulsion (ABEP) relies on an intake situated in
front of the spacecraft to gather the same atmospheric particles that
generate the drag. Utilizing electric power derived from solar arrays
or batteries, an electric thruster then ionizes and accelerates these
particles to generate thrust. By leveraging these limited yet renewable
resources, it becomes possible to decouple the spacecraft’s lifetime from
the availability of propellant, enabling extended mission durations at
low altitudes.

However, implementing the ABEP concept requires intricate system
level trade-offs. For air-breathing systems, propulsive performance is
closely intertwined with platform design and mission considerations.
At a given altitude, the efficiency of energy transfer to atmospheric
particles determines the feasibility of ABEP operation [11]. Below a cer-
tain altitude, the power required to accelerate the large collected flow
exceeds the platform’s capabilities, while above a different altitude, the
ionization of the highly rarefied atmospheric flow becomes insufficient,
making it impossible to deliver adequate power to the particles [12,13].

Based on available atmospheric models and flight data, several
researchers have explored the characteristics of satellite platforms in-
tended for VLEO operation and the feasibility of air-breathing electric
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propulsion systems at altitudes below 300 km. An in depth review of
the efforts in this direction can be found in Ref. [14]. The investigated
concepts primarily focus on operations in sun-synchronous orbits at
altitudes below 250 km, with a lifespan of several years, a spacecraft
mass ranging from 100 kg to 1000 kg, and available power from solar
arrays in the range of 0.3 kW to 3 kW [13,15–25].

Several propulsive technologies are being investigated for use on
air-breathing systems, including Hall thrusters, Inductive Plasma
Thrusters, Helicon thrusters, Gridded Ion Engines and others. The
author is referred to Ref. [14] for a complete overview of the research
efforts on these devices for ABEP applications. Many studies on air-
breathing propulsion focused on a platform configuration based on a
specific technological solution for the ABEP thruster. This is the case,
for example, of the works of Hruby et al. [17,26], which investigated
a Hall thruster based ABEP system for Earth and Mars operation.
Similarly, Nishiyama [15] and Fujita [27] investigated the mission and
system aspects related with the adoption of an air-breathing ECR ion
engine as the ABEP system, considering a frontal area of 1.5 m2 and
n intake area of 0.48 m2. A more general analysis was performed by
risp et al. in Ref. [2], were the optimal VLEO altitude for optical and
AR-based missions was investigated, as well as a preliminary sizing
f the main platform subsystems. They observed a circular dependence
etween the platform variables: as the orbit is lowered, more power
s required to compensate the drag, but the larger solar surface area
nduces additional drag, further increasing the power requirement. This
ircular dependence forces some minimum performance requirements
nd, more generally, limits the region of convergence of the platform
esign. A similar result was found by Tisaev et al. [13], which obtained
narrow range of altitudes for the feasibility of the system, strongly de-
endent on the available specific impulse and thrust-to-power ratio of
he air-breathing thruster. Finally, some recent works, including [13],
ave performed analyses on the orbit dynamics and feasibility of air-
reathing systems, also including elliptical orbits [28], small scale
pacecraft [25], and integrated optimization approaches [29].

In this work, we investigate air-breathing spaceflight from a gen-
ral perspective, agnostic to the platform shape, scale, and propulsive
echnology. By doing so, the complex relation between mission en-
ironment, spacecraft configuration, and propulsive performance can
e synthesized in a single, generally applicable, requirement for the
easibility of full ABEP drag compensation. Through this analysis, we
efine a global air-breathing system efficiency (𝜂𝐴𝐸𝑅), combination of
he efficiency of all critical ABEP platform elements, and study how
he minimum value for full drag compensation varies as a function
f orbit and platform shape and size. A core merit parameter for the
latform is then derived and some specific cases are investigated in
reater detail: (i) a GOCE-like spacecraft (medium–large scale); (ii) a
LATS-like spacecraft (small scale) and (iii) a high-power 6U cubesat.
hen not available in the literature, the aerodynamic coefficients of

he platform were derived through dedicated rarefied flow simulations
mploying a panel method, as described in Appendix.

In the second part of this study (Section 3), the previous conclusions
re expanded in a systematic investigation of the core parameters de-
ermining the advantage of air-breathing systems over more traditional
lectric propulsion solutions with stored propellants from a mass and
olume fraction perspective. Particularly, a scaling approach for the
latform size is introduced and a first order method to evaluate the
dvantage of ABEP systems as a function of platform size and orbit
ltitude is proposed.

Ultimately, the proposed analysis provides a framework for the
reliminary assessment of the feasibility of full air-breathing electric
ystems, identifying the core parameters and main trends for the min-
mum system requirements for full drag-compensation and to evaluate
he advantage of ABEP over traditional systems as a function of orbit,
latform scale and shape.
346
. The air-breathing electric rocket efficiency

In an air-breathing system the intake is tasked with the efficient
ollection of the incoming atmospheric flow. Additionally, the intake
hall compress the atmospheric flow to pressure conditions suitable
or the efficient operation of the downstream electric thruster. The
lectric thruster then receives the atmospheric propellant collected and
ompressed by the intake, and ionizes and accelerates it to high speeds,
enerating an exhaust momentum flux and, thus, thrust (𝑇 ). To enable
ustained VLEO flight, the produced thrust should be equal or higher
han the drag (𝐷) generated by the incoming flow impinging on the
ystem at orbital speed.

To investigate the conditions for feasibility of ABEP powered space-
light we consider a generic spacecraft flying in VLEO with nominal
ttitude, aligned with the incoming atmospheric flow, having a total
ront surface 𝐴𝑡 that intercepts a total atmospheric mass flow rate 𝑚̇𝑡.

e now assume that the spacecraft features a frontal intake of area 𝐴𝑖,
ntercepting an atmospheric mass flow rate 𝑚̇𝑖, and that a mass flow
ate 𝑚̇𝑎 reaches the electric thruster, as depicted in Fig. 1.

It is therefore possible to define several efficiencies for the system:
he first one, denominated area efficiency 𝜂𝐴 indicates how efficiently
e are using the total (drag-inducing) frontal area to collect propellant.

𝐴 =
𝐴𝑖
𝐴𝑡

=
𝑚̇𝑖
𝑚̇𝑡

. (1)

The second one, the collection efficiency, is a performance param-
eter of the intake and thruster chain, indicating what fraction of the
mass flow rate impinging on the intake is transmitted to and processed
by the subsequent electric thruster,

𝜂𝑐 =
𝑚̇𝑎
𝑚̇𝑖

. (2)

A third crucial efficiency for the air-breathing system is the thrust
efficiency of the electric thruster, which follows the conventional ex-
pression of Eq. (3) and represents how effectively the supplied power
is used to generate thrust:

𝜂𝑇 = 𝑇 2

2𝑚̇𝑎𝑃
. (3)

In Eq. (3) we have indicated with 𝑃 the power supplied by the
spacecraft for the operation of the electric thruster.

As already discussed, the condition for feasibility of ABEP powered
spaceflight is that the thrust generated by the air-breathing system is
sufficient to overcome the drag induced by the intercepted orbital flow,

𝑇 > 𝐷. (4)

Given the definitions provided in previous paragraphs, with some
simple algebra is possible to express the thrust as a function of the
relevant efficiencies,

𝑇 =
√

2𝜂𝐴𝜂𝑐𝜂𝑇 𝑚̇𝑡𝑃 . (5)

Observe that in these definitions, 𝑚̇𝑡 is the total mass flow rate
ntercepting the spacecraft frontal surface and thus is the same mass
low rate inducing drag on the spacecraft

̇ 𝑡 = 𝜌∞𝑢∞𝐴𝑡, (6)

here we have indicated with 𝑢∞ and 𝜌∞ respectively the asymptotic
orbital) velocity and mass density of the incoming flow.

Introducing the drag coefficient 𝐶𝐷, the drag can be conventionally
xpressed as

= 1
2
𝐶𝐷𝑢∞𝑚̇𝑡. (7)

Therefore, the feasibility condition for ABEP flight becomes
√

2𝜂 𝜂 𝜂 𝑚̇ 𝑃 > 1𝐶 𝑢 𝑚̇ , (8)
𝐴 𝑐 𝑇 𝑡 2 𝐷 ∞ 𝑡
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Fig. 1. Schematic of an ABEP propelled spacecraft.
that can be written as

𝜂𝐴𝜂𝑐𝜂𝑇 >
[ 1
2
𝜌∞𝑢3∞

]

⏟⏞⏞⏟⏞⏞⏟
𝑂

/[

4𝑃
𝐶2
𝐷𝐴𝑡

]

⏟⏞⏞⏟⏞⏞⏟
𝑆

(9)

or equivalently

𝜂𝐴𝐸𝑅 ≐ 𝑇 2

2𝑚̇𝑡𝑃
> 𝑂

𝑆
. (10)

Here we have introduced a global air-breathing electric rocket
efficiency 𝜂𝐴𝐸𝑅 = 𝜂𝐴𝜂𝑐𝜂𝑇 , which corresponds to the product of the area,
collection and thrust efficiency. Observe that the global ABEP efficiency
retains a familiar form, analogous to the thrust efficiency but where the
total asymptotic mass flow intercepted by the spacecraft is used instead
of the propellant mass accepted into the thruster.

Upon more detailed investigation of the right hand side of Eq. (9),
we identify that the minimum 𝜂𝐴𝐸𝑅 for mission feasibility corresponds
to the ratio of two quantities: 𝑂 = 1

2𝜌∞𝑢3∞ which is the asymptotic flux
density of mechanical energy, and 𝑆 = 4𝑃

𝐶2
𝐷𝐴𝑡

, which is a function of the

system design. The orbital parameter 𝑂 is fundamentally a function of
orbital altitude, although the atmospheric density is also affected by the
local latitude/longitude coordinates, the day/night cycle, and the solar
and geomagnetic activity. For what concerns the spacecraft parameter
𝑆, it is fundamentally a function of the platform shape, albeit the drag
coefficient introduces a slight dependence on the asymptotic flow prop-
erties and composition. Interestingly, if one assumes a scaling approach
that fixes 𝑃∕𝐴𝑡, the parameter 𝑆 would be completely independent
of scale. For example this is true when considering a scaling law that
fixes the ratio between frontal and total lateral surface of the spacecraft
(including the deployed solar arrays, if present) and assuming that the
spacecraft dedicates a fixed fraction of the total available power to
propulsion. In this case, at fixed platform configuration, the condition
for ABEP flight feasibility would only be dependent on the target orbit
(𝑂), regardless of the spacecraft size.

Eq. (9) is equivalent to Eq. (4) and, thus, is a necessary and sufficient
condition for feasibility of full air-breathing drag compensation. This
implies that 𝜂𝐴𝐸𝑅 can be interpreted as a complete system efficiency
and by monitoring only this performance parameter we can preliminary
evaluate if a certain VLEO orbit (modulating 𝑂) will be accessible with
air-breathing sustained flight for a certain platform design (𝑆).

Some additional general conclusions can be drawn from Eq. (9):

• For a fixed orbit (𝑂) and system (𝑆) the feasibility requirement is
imposed on the whole ABEP efficiency 𝜂𝐴𝐸𝑅 which is a product of
multiple contributions. This implies that the requirement can be
met by either increasing the collection efficiency of the intake, for
347
example by using highly specular materials [30], or by increasing
the thruster efficiency, or by a combination of the two factors.

• The orbit parameter (𝑂) rapidly decreases with altitude because
of the sharp drop in atmospheric density. Fig. 2 reports the
data extracted from the NRLMSISE-00 model [31] concerning the
trend of the orbit-average atmospheric density, 𝜌∞, as a function
of altitude (h), accounting for the 1𝜎 variability associated with
solar activity and location. This was computed by extracting
the atmospheric data for the full 23rd solar cycle, from 1996
to 2008, with 30 days temporal resolution, 10 degrees latitude
and 30 degrees longitude resolution, and by fitting a Gaussian
distribution to find the global density average and variability.
The rapid decrease of the orbit parameter implies that the overall
ABEP efficiency requirement for sustained flight decreases for
higher orbits and becomes, in principle, easier to achieve. Nev-
ertheless, for higher orbits the atmospheric density will be lower
and the electric thruster will need to operate with lower chamber
pressures.
The efficiency of electric thrusters is linked with propellant pres-
sure [32] since the propellant ionization efficiency is strongly
dependent on the local neutral particle density. This trend is
apparent, for example, in [33] that reports the functional test
results of a RIT-10 RF ion thruster operated with nitrogen and
oxygen. The results show that, for a fixed thrust level, reducing
the injected mass flow rate eventually leads to a sharp increase
in the required RF power, and to the consequent drop of the
total thrust efficiency, until the thruster becomes inoperable. This
trend is true for all established electric thruster technologies, with
some authors [13] even proposing a minimum neutral particle
density required for operation at around 1018 m−3.
Therefore, even if the requirement on 𝜂𝐴𝐸𝑅 rapidly decreases with
altitude, it is likely that a sufficiently high thrust efficiency 𝜂𝑇 will
be more difficult to achieve due to the reduction in atmospheric
density.

• The merit parameter for the spacecraft characteristics for air-
breathing spaceflight is

𝑆 = 4
𝐶2
𝐷

𝑃
𝐴𝑡

. (11)

Which indicates how much power is dedicated to propulsion per
unit frontal area, corrected by a factor accounting for the aero-
dynamic properties of the system. Aerodynamic, relatively small
cross section spacecrafts which dedicate a significant portion of
the total power to propulsion have a low 𝐶𝐷 and a high 𝑃∕𝐴𝑡
and will have a lower ABEP requirement for mission feasibility.
This is somewhat intuitive as a high form factor, slender body will
reduce the drag experienced by the spacecraft while maximizing
the lateral surface area for propulsion power.
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𝑚

Fig. 2. Dependence of the atmospheric density as a function of altitude , h. The shaded
area represent the 1𝜎 variability with solar activity and location during the 23rd solar
cycle. Values computed by means of the NRLMSISE00 atmospheric model [31,34].

The identified feasibility condition on 𝜂𝐴𝐸𝑅 can be expressed in
different forms. For example a critical condition can be derived on the
electric thruster specific impulse (𝐼𝑠𝑝), or equivalently on the effective
exhaust velocity (𝑣𝑒), by manipulating the same set of equations. Using
the relationship between thrust and specific impulse 𝑇 = 𝑚̇𝑎𝑣𝑒 =
̇ 𝑎𝐼𝑠𝑝𝑔0 one trivially obtains

𝑣𝑒 = 𝑔0𝐼𝑠𝑝 >
𝐶𝐷

2𝜂𝐴𝜂𝑐
𝑢∞, (12)

where 𝑔0 is the standard gravity. If this condition is verified, the
conditions of Eqs. (9) and (4) are automatically verified, and viceversa,
as they are all equivalent feasibility criteria. The condition on 𝐼𝑠𝑝 does
not provide information about the figures of merits of the platform
shape as in Eq. (9), but it can provide a useful rule of thumb when
evaluating the suitability of electric propulsion technologies for air-
breathing systems. Indeed it tells us that the exhaust velocity of the
electric propulsion device must be higher than the orbital velocity (𝑢∞)
multiplied by a factor 𝐶𝐷

2𝜂𝐴𝜂𝑐
, which primarily depends on the platform

design and intake performance. Using realistic assumptions [14] on
the drag coefficient (𝐶𝐷 ≈ 3 − 4) and passive diffuse intake collection
efficiency (𝜂𝑐 ≈ 0.2−0.5) the minimum required specific impulse reaches
values around 3000 s, similar to results obtained by other authors [13].
Even with highly optimistic assumptions, considering a 𝐶𝐷 = 2 and
𝜂𝐴𝜂𝑐 = 0.5, the minimum effective exhaust velocity required for full
drag compensation becomes 2𝑢∞. Considering an orbital velocity 𝑢∞ ≈
7800 m∕s the minimum required specific impulse would be 𝐼𝑠𝑝,𝑚𝑖𝑛 ≈
1590 s. This already provides compelling evidence that high specific
impulse technologies are required for feasible ABEP operation.

Eq. (9) can also provide some interesting insight on the power
requirements for air-breathing drag compensation. After simple manip-
ulation of the same equation, an equivalent condition can be derived
on the minimum power that must be dedicated to propulsion (P)

𝑃 >
𝐶2
𝐷𝜌∞𝑢3∞𝐴𝑡

8𝜂𝐴𝜂𝑐𝜂𝑇
. (13)

For a fixed orbit and spacecraft geometrical characteristics, Eq. (13)
highlights how the required power for drag compensation is inversely
proportional to the ABEP global efficiency. This was not immediately
348
Fig. 3. Minimum air-breathing efficiency (in logarithmic scale) required for sustained
air-breathing flight as a function of nominal orbital altitude for a GOCE-like spacecraft.
The shaded area represents the uncertainties associated with the atmospheric density
and composition and with the drag coefficient.

apparent from the condition on the minimum exhaust velocity Eq. (12)
where, given a certain 𝜂𝐴𝜂𝑐 it is always possible to identify a minimum
specific impulse that ensures drag compensation. Eq. (13) specifically
states that it is preferable to maximize the amount of mass flow
collected by the ABEP system (maximizing 𝜂𝐴𝜂𝑐) and to keep the
specific impulse requirement as low as possible to minimize the power
consumption for drag compensation.

To consolidate and further expand the conclusions drawn from the
feasibility condition of Eq. (9), we investigated the dependence of
the minimum ABEP efficiency requirement for an hypothetical GOCE-
like platform which maintains the core system features as the real
GOCE spacecraft (such as size, external shape and available propulsion
power), but that is propelled via an air-breathing system. To estimate
the value of 𝑆 for such a system, literature data available for the
GOCE mission was used, employing a 𝐶𝐷 between 3.6 and 4.1 [35],
an 𝐴𝑡 of 0.95 m2, and a maximum power available for the propulsion
system of 600 W [36]. For additional details see Appendix. With these
assumptions, Fig. 3 reports the dependence of the minimum ABEP
efficiency required for sustained air-breathing flight as a function of
nominal orbital altitude for a GOCE-like spacecraft.

From this relatively simple analysis a number of interesting con-
clusions can be drawn. First of all, given a certain spacecraft design
(𝑆) there is an altitude limit below which an 𝜂𝐴𝐸𝑅 > 1 would be
required for air-breathing drag compensation which is, by definition,
impossible. For the investigated case, this minimum theoretical altitude
limit is about 165 km. This implies that, regardless of the thruster
and intake characteristics, below this altitude, ABEP flight becomes
impossible for a circular orbit at constant altitude for this specific
platform configuration. The minimum required 𝜂𝐴𝐸𝑅 then sharply drops
with altitude, reaching values close to 0.1 around 250 km. As already
mentioned, with increasing altitude, the requirement decreases rapidly
because of the decrease in atmospheric density (and thus 𝑂) but, at
the same time, the thruster has to achieve sufficient thrust efficiencies
operating with a progressively lower pressure gas, which represents a
technological challenge.

The values of Fig. 3 depend on the specific platform parame-
ters adopted to calculate 𝑆. For example, only 600 W were used as
propulsion power in the test case, which correspond to the maximum
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Table 1
Investigated platform architectures and main parameters, including the newly defined
platform merit parameter 𝑆. Credits for the GOCE image: ESA; Credits for the
SLATS/Tsubame image: JAXA. Credits for the 6U CubeSat reference model: GomSpace

Icon Name 𝐶𝐷 [–] 𝐴𝑡 [m2] 𝑃 [W] 𝑆 [W∕m2]

GOCE-like 3.6–4.1 0.95 600 150–195

SLATS-like 4.6–5.4 0.36 370 141–194

High-power
6U CubeSat

5.8–7.1 0.03 60 159–238

propulsion power of the GOCE mission [36]. But, for different payloads,
a larger fraction of the total 1600 W produced by the solar arrays could
be used by the propulsion system. In this case the requirement on 𝜂𝐴𝐸𝑅
would be lower and the line of Fig. 3 would shift to lower altitudes.

To investigate the dependence of the minimum ABEP global require-
ment on the spacecraft parameters (𝑆), a number of representative
platform architectures were selected for evaluation, covering a wide
range of possible spacecraft sizes and shapes. Specifically, we inves-
tigated a GOCE-like spacecraft, representative of medium/large VLEO
satellites (≈1000 kg); a small-class SLATS-like spacecraft (≈300 kg), and
a high-power 6U CubeSat (≈10 kg). Table 1 reports the main features
of the selected architectures derived from the relevant literature, as
described in Appendix. For what concerns the estimation of the 𝐶𝐷
for the high-power 6U CubeSat, no information was available in the
literature and, thus, a dedicated rarefied aerodynamic simulation based
on the panel method was performed to estimate the drag coefficient
(see Appendix).

It is interesting to note that, under certain circumstances, less
aerodynamic shapes, like the 6U CubeSat, can have a higher merit
parameter (𝑆) than more aerodynamic systems, such as the GOCE-like
spacecraft. This is mostly due to the fact that it dedicates a higher
fraction of the total generated power to propulsion, increasing the ratio
𝑃∕𝐴𝑡. In general, the ratio of two crucial parameters determines the
merit (𝑆) of a certain spacecraft design: (i) 𝑃∕𝐴𝑡 and (ii) 𝐶2

𝐷. Both of
these elements increase with the increase of the lateral solar arrays’
area. The 6U CubeSat with very large solar arrays relative to its frontal
surface, and which dedicates a significant fraction of the total power to
propulsion, is capable of achieving high values of the merit parameter
𝑆 even without an aerodynamic shape because the ratio 𝑃∕𝐴𝑡 increased
more than the corresponding increase in 𝐶2

𝐷.
Fig. 4 depicts the trends of the minimum ABEP total efficiency,

𝜂𝐴𝐸𝑅,𝑚𝑖𝑛, requirement as a function of altitude, for the three spacecraft
configurations of Table 1.

Even though large uncertainties are present due to the solar cycle
and 𝐶𝐷 estimation, Fig. 4 shows that a higher 𝑆 parameter directly
corresponds to a less stringent requirement on the minimum ABEP
total efficiency for feasible ABEP sustained flight at a fixed altitude.
It is worth noting that the scale of the spacecraft does not have a
direct impact on the minimum ABEP total efficiency requirement but
rather the ratio 𝑃∕𝐴𝑡 does. Nevertheless, the capability of the system
of complying with said requirement could depend on the system scale,
since smaller propulsion systems typically achieve lower performance
values compared with their larger scale counterpart.

Under the performed assumptions, these analyses clearly indicate
the core parameters to be optimized in the early design of a platform
system intended for VLEO ABEP flight and provide useful insight for a
comparative assessment of possible spacecraft configurations.
349
Fig. 4. Minimum ABEP efficiency required for sustained air-breathing flight as a
function of nominal orbital altitude for different spacecraft shapes. The shaded area
represents the uncertainties associated with the atmospheric density and composition
and with the drag coefficient. Color-coded vertical lines indicate the theoretical
minimum altitude for feasibility of the three spacecraft shapes. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

3. Comparison with stored propellant solutions

Consistently with what has been discussed in the previous section,
if we can provide an ABEP system capable of satisfying the condition
of Eq. (9) for the specific mission environment and platform under
investigation, AER-based full drag compensation becomes feasible. Nev-
ertheless, depending on the mission, the same task could also be
performed with traditional electric propulsion systems using propellant
stored onboard. It is, therefore, interesting to compare the effective-
ness of ABEP systems and traditional electric propulsion systems in
accomplishing the same mission at different platform scales, focusing
on the locus of conditions for which air-breathing propulsion provides
an advantage. Note that in the following we are only investigating the
requirements for what concerns drag compensation, which becomes the
most onerous task of the propulsion system at low altitudes.

Intuitively, since at first order the drag scales with the spacecraft
frontal surface 𝐴𝑡, for a fixed mission duration performed with tradi-
tional EP systems also the total required onboard amount of propellant
would scale with 𝐴𝑡. Smaller spacecraft would feature a lower total vol-
ume (𝑉𝑡) and volume-to-surface ratio and, therefore, a comparatively
smaller volume would be available to store the propellant.

Let us consider the ideal case of a spacecraft flying in VLEO for a
nominal mission duration 𝛥𝑡, compensating the experienced drag (𝐷)
with a traditional electric propulsion system of constant thrust (𝑇 ) with
propellant stored onboard. Assuming 𝑇 = 𝐷 we have that

𝐼𝑡𝑜𝑡 = 𝑇𝛥𝑡 = 𝐷𝛥𝑡 = 𝑚𝑝𝑣𝑒, (14)

where we have defined 𝐼𝑡𝑜𝑡 and 𝑚𝑝 as the total impulse and the total
propellant mass required to perform the mission. Rearranging the terms
and employing the expression for drag of Eq. (7) we arrive at an
expression for the required propellant mass and volume (𝑉𝑝)

𝑚𝑝 =
𝐷𝛥𝑡
𝑣𝑒

= 1
2
𝐶𝐷𝜌∞𝑢2∞𝐴𝑡

𝛥𝑡
𝑣𝑒

, (15)

𝑉𝑝 =
𝑚𝑝

𝜌𝑝
= 1

2
𝐶𝐷𝜌∞𝑢2∞𝐴𝑡

𝛥𝑡
𝜌𝑝𝑣𝑒

, (16)

where we have indicated with 𝜌𝑝 the propellant storage density.
To investigate how the propellant mass and volume fraction scale

with spacecraft size, we assume a uniform platform scaling law that
preserves the spacecraft shape with a fixed aspect ratio 𝛼 such that
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the total platform volume 𝑉𝑆 = 𝛼𝐴3∕2
𝑡 . Observe that with this scaling

law, the ratio between frontal and lateral surface area is independent of
scale. If one assumes that a fixed fraction of the total power generated
via solar arrays is devoted to propulsion this also implies that the
ratio 𝑃∕𝐴𝑡 is preserved by the scaling. Therefore, with this rationale,
the minimum ABEP efficiency requirement results to be independent
of scale, but only depends on the selected orbit and platform shape.
Ultimately one obtains for the propellant volume fraction the following
expression:

𝑉𝑝
𝑉𝑆

=
[1
2
𝜌∞𝑢2∞

]

[

𝐶𝐷

𝛼
√

𝐴𝑡

]

[

1
𝜌𝑝𝑣𝑒

]

𝛥𝑡. (17)

The mass fraction can be calculated considering that the total
spacecraft wet mass, 𝑚𝑆 , is the sum of the propellant mass, 𝑚𝑝, and
of the mass of the non-propellant spacecraft elements 𝑚𝑟 = 𝜌𝑟(𝑉𝑆 − 𝑉𝑝)
𝑚𝑝

𝑚𝑆
= 1

1 + 𝜌𝑟
𝜌𝑝

(

𝑉𝑆
𝑉𝑝

− 1
) , (18)

where an average non-propellant spacecraft density parameter 𝜌𝑟 was
ntroduced.

Examining Eq. (17) some expected results are recovered:

• 𝑉𝑝∕𝑉𝑆 and 𝑚𝑝∕𝑚𝑆 are monotonically decreasing functions of al-
titude, since a lower thrust (and thus mass flow) is needed to
compensate a lower drag;

• 𝑉𝑝∕𝑉𝑆 and 𝑚𝑝∕𝑚𝑆 are monotonically increasing functions of mis-
sion duration, since the drag needs to be compensated for a longer
time;

• 𝑉𝑝∕𝑉𝑆 is a monotonically decreasing function of propellant den-
sity (𝜌𝑝) and thruster exhaust velocity (or equivalently specific
impulse), since the propulsion system becomes more volume-
efficient in storing the propellant and achieving the required
total impulse with a lower amount of propellant. Note that the
achievable specific impulse for a fixed thrust level is limited by
the power available for propulsion.

For very high orbits, very little propellant is required for drag
ompensation, as the drag goes to zero. For very low orbits, instead, the
ission becomes impractical as the drag is too high and a significant

raction of the total spacecraft volume would need to be dedicated to
ropellant storage. For certain conditions and mission durations, this
ecomes outright impossible ( 𝑉𝑝

𝑉𝑆
,
𝑚𝑝
𝑚𝑆

> 1).
It is interesting to note that the propellant volume fraction is not

cale-independent, but it is inversely proportional to the square root
f the frontal area of the spacecraft. This implies that in smaller
pacecraft, to complete the same mission with the same propellant and
pecific impulse, a larger volume fraction will be needed for propellant
torage compared to a similar spacecraft of a larger size. A similar
rend is also found for the mass fraction, albeit the density of the
on-propellant elements of the spacecraft, 𝜌𝑟, could also change with

platform size. Eq. (17) also highlights that the spacecraft shape param-
eter affecting the volume and mass ratios scaling with the characteristic
length,

√

𝐴𝑡, is 𝐶𝐷∕𝛼.
As an example analysis, Fig. 5 reports the dependence of the volume

and mass fractions as a function of altitude for the compensation of the
drag of a spacecraft with a GOCE-like shape via a traditional EP system
with a specific impulse of 2000 s and a storage density of 1600 kg∕m3,
representative of a xenon electrostatic system [37], and a total mission
duration of 5 years.

Adopting the scaling previously described, the mass and volume
fractions are reported for two different platform scales. The blue lines
report the behavior for an 𝐴𝑡 = 0.95 m2, similar to the actual GOCE
spacecraft, while the red lines are for 𝐴𝑡 = 0.95×10−2 m2, representative
of the nanosat/CubeSat scale. To estimate the mass fraction when
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scaling down, two different cases are presented, considering an average
spacecraft density of the non-propellant elements of 200 kg∕m3, similar
to the real GOCE spacecraft, and of 1333 kg∕m3, representative of
typical CubeSat densities.

Note that in this sample analysis we have fixed the propulsive
performance with scale. In reality, the thrusters’ performance typically
decrease at smaller scales. In general, it will be more complex to reach
the same levels of specific impulse or thrust efficiency at small scale,
thus requiring a relatively higher power to generate the required thrust.

As it is apparent from the figure, the platform scale has a significant
impact on the propellant mass and volume fractions required to fulfill
a drag compensation mission. Given the assumptions, if we consider,
for example, a 250 km reference altitude, for the large platform the
propellant would only require approximately 6% of the total spacecraft
mass and less than 1% of the total volume. Note that the real GOCE
spacecraft had a propellant mass fraction of about 4% at beginning of
life (41 kg of propellant for a 1050 kg wet spacecraft mass) [8]. A direct
comparison between the real GOCE mission (with its complex mis-
sion profile spanning several altitudes for different durations) and the
reference GOCE-like fixed altitude 5 years drag compensation mission
investigated here is, of course, not possible, but this confirms the right
order of magnitude for the results of the analysis. To perform the same
mission, the nano platform would need to dedicate from 10% up to
50% (depending on the spacecraft density) of the total mass and close
to 10% of the total volume to propellant storage. This highlights how a
drag compensation mission performed with stored propellant becomes
comparatively more onerous, from a mass and volume perspective, at
smaller spacecraft scales.

This is not the case for ABEP propulsion, where we can assume that
a fixed fraction of the platform volume will be occupied by the intake
of the air-breathing system, scaling with the spacecraft frontal surface
and platform length. Under this assumption, given the volume fraction
of the ABEP system, a breakeven platform size exists for every given
altitude below which ABEP propulsion becomes advantageous from a
volume perspective. Moreover, the lower the altitude the bigger the
platform size breakeven point.

It is complex to define the volume fraction occupied by a generic
ABEP system (𝑉𝐴𝐸𝑅∕𝑉𝑆 ) to compare with the propellant of a traditional
EP system, since in ABEP configurations the intake would substitute
not only the propellant itself but the complete propellant storage and
management system. Therefore, we have performed a parametric study
of the volume breakeven point against altitude and spacecraft size,
considering an ABEP volume fraction ranging between 10% and 40%
of the total spacecraft volume. Fig. 6 depicts the results of this analysis
for the two extreme spacecraft configurations of GOCE-like and of our
reference high-power 6U platform shape. Each line corresponds to the
size-altitude combinations below which the ABEP system would occupy
less volume than the propellant for our reference mission case. Note
that in these plots only the average values for 𝐶𝐷 and 𝜌∞ were used to
improve on the clarity of the presentation.

On the figure we have also reported the (scale-independent) min-
imum 𝜂𝐴𝐸𝑅 requirement for mission feasibility, as defined in Eq. (9).
These results suggest that ABEP systems tend to become advantageous,
from a volume fraction perspective, for lower altitudes and smaller
spacecraft. Lowering the spacecraft size generally enlarges the range
of altitudes for which ABEP propulsion becomes advantageous. Addi-
tionally, the advantage of ABEP systems at smaller scales for a larger
range of orbits justifies the operation at higher altitudes in AER-mode,
where the minimum ABEP system efficiency 𝜂𝐴𝐸𝑅 for mission feasibility
is lower.

As it is apparent from the comparison between the left and right
plots of Fig. 6 also the platform shape plays a crucial role in the deter-
mination of the breakeven lines for the volume occupancy of the ABEP
and stored propellant cases. This study can thus be generalized as a
function of the relevant platform shape parameter 𝐶𝐷∕𝛼 (see Eq. (17)).
The results are shown in Fig. 7 where we have selected a value of

𝑉𝐴𝐸𝑅∕𝑉𝑆 = 0.3 as a reference for the analysis. This two dimensional plot
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Fig. 5. Comparison of the mass and volume fractions occupied by a reference propellant for a 5 years drag compensation mission of a GOCE shaped platform of two different
scales: 𝐴𝑡 = 0.95 m2 in blue and 𝐴𝑡 = 0.95 × 10−2 m2 m in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
Fig. 6. Blue lines report ABEP vs. stored propellant volume fraction breakeven points for a 5 years drag compensation mission as a function of spacecraft size, altitude, and ABEP
volume fraction for (left) a GOCE-like shape and (right) a reference high-power 6U CubeSat shape. black lines (right axis of the corresponding plot) report the minimum 𝜂𝐴𝐸𝑅
requirement for ABEP drag compensation mission feasibility (independent of scale). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
returns the characteristic length of the spacecraft (
√

𝐴𝑡) below which
the ABEP system would occupy less volume than the stored propellant
solution for our reference drag compensation mission, as a function of
altitude (ℎ) and of the shape parameter of the spacecraft (𝐶𝐷∕𝛼).

The results highlight once again how small scale spacecraft, re-
gardless of the shape, extend the volume fraction advantage of ABEP
over traditional EP systems to higher altitudes. Additionally, the figure
shows how the advantage is more marked for less aerodynamic systems,
with a higher 𝐶𝐷∕𝛼. This is expected as a more bluff body compensating
the drag with a traditional EP system would require comparatively
more propellant due to the higher 𝐶𝐷. It is in any case relevant since the
platform shape could be driven by other considerations in addition to
aerodynamics, such as payload allocation. Finally, the full comparison
analysis was performed for an extended mission duration of 10 years
(compared to the reference 5 years used in the previous discussion),
to highlight the increasing advantage of air-breathing propulsion for
longer drag compensation missions. Fig. 7 (right) reports the results
for the break-even spacecraft size for the 10 years reference scenario,
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showing how ABEP becomes more advantageous for a considerably
larger range of altitudes when extending the duration of the mission.

Ultimately, these results are strongly dependent on the performed
assumptions for the comparison, such as the propellant density, thruster
specific impulse, mission duration and ABEP volume fraction, but the
described analysis represents a useful approach to frame the feasibility
of ABEP systems for specific mission cases and their competitiveness
against traditional EP systems with stored propellants.

4. Conclusions

In this work we have presented a general investigation on the core
parameters determining the feasibility and advantage of air-breathing
electric propulsion systems for sustained drag compensation in very low
Earth orbit. Starting from a general system-level analysis, the feasibility
condition of producing a thrust (T) higher than the drag (D) was
reformulated in terms of a minimum requirement on a newly defined
air-breathing rocket efficiency, 𝜂 . This efficiency corresponds to
𝐴𝐸𝑅
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Fig. 7. Characteristic length of the spacecraft (
√

𝐴𝑡) below which the ABEP system would occupy less volume than the stored propellant solution for a reference 5 years (left) and
10 years (right) drag compensation mission, as a function of altitude (ℎ) and of the shape parameter of the spacecraft (𝐶𝐷∕𝛼). A reference ABEP volume fraction of 𝑉𝐴𝐸𝑅∕𝑉𝑆 = 0.3
was assumed. Red lines highlight the 1 m and 0.1 m characteristic lengths. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
the product of three core parameters of the spacecraft and propulsion
system design: the area efficiency, 𝜂𝐴, the intake collection efficiency,
𝜂𝑐 , and the electric thruster thrust efficiency, 𝜂𝑇 .

It was shown that the minimum requirement on 𝜂𝐴𝐸𝑅 for full
drag compensation is equivalent to the ratio between two quantities,
an orbital parameter 𝑂, that rapidly decreases with altitude, and a
spacecraft parameter 𝑆, which is a function of the platform design. This
novel formulation of the air-breathing drag compensation feasibility
condition led to a number of non-trivial considerations. First of all,
given a certain target orbit (O) and system design (S), the requirement
is imposed on the global ABEP efficiency and, thus, it can be met
by improving either the area, collection or thrust efficiency, or a
combination of the three. Moreover, it was highlighted how a minimum
altitude always exists, below which air-breathing drag compensation
becomes physically impossible. We also showed how the minimum
requirement on 𝜂𝐴𝐸𝑅 rapidly decreases with altitude because of the
sharp decrease in atmospheric density. While this makes it easier to
achieve in principle, the decrease in atmospheric density will also affect
the capability of existing electric propulsion technologies of achieving
sufficient ionization (and thus thrust) efficiencies.

The presented analysis led to the identification of the core spacecraft
design merit parameter for air-breathing systems 𝑆 = 4𝑃

𝐶2
𝐷𝐴𝑡

, which
should be maximized to lower the minimum requirement on 𝜂𝐴𝐸𝑅.
To further highlight the dependence of the feasibility condition on
the spacecraft design, a comparative analysis was performed by in-
vestigating three specific platforms of various sizes: (i) a GOCE-like
spacecraft, (ii) a SLATS-like spacecraft, and (iii) a reference high-power
6U CubeSat. The results show that the scale of the spacecraft does not
have a direct impact on the minimum ABEP total efficiency requirement
but rather the ratio between the propulsive power and the frontal area
does. It is nevertheless worth noting that, while the requirement does
not directly depend on size, the capabilities of the propulsion system of
achieving sufficient efficiency to meet the requirement will, as smaller
propulsion are typically limited in the performance figures they can
reach. Additionally, the derived requirement on 𝜂𝐴𝐸𝑅 is a local, instan-
taneous requirement for drag compensation along the VLEO orbit. For
complex and perturbed mission profiles, if the requirement is verified
for every point along the orbit the ABEP system always provides a
net thrust, but more refined analysis could identify a less stringent
orbit-average requirement for feasibility. Finally, it was noted that the
parameter S benefits from a more aerodynamic shape (lowering 𝐶𝐷)
but, in general, less aerodynamic shapes can still achieve a high merit
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parameter by having a large lateral (power generating) surface area and
by dedicating a larger fraction of the generated power to propulsion.

Building on these results, in the second part of this study, we
presented a framework for the comparison, in terms of mass and
volume fraction, between air-breathing systems and traditional electric
propulsion with stored propellant using, as a reference, a xenon, 𝐼𝑠𝑝 =
2000 s technology. To investigate the dependence of the comparison
on the platform scale, we introduced a uniform platform scaling law
that preserves the spacecraft shape with a fixed aspect ratio, 𝛼. For a
reference drag compensation mission of 5 years, we have highlighted
how the propellant volume and mass fractions of traditional systems
depend on the spacecraft scale (

√

𝐴𝑡) because of the variability in the
surface-to-volume ratio of the platform. Assuming, as a first approxima-
tion, that the intake of an ABEP system would occupy a fixed fraction
of the platform volume, we have shown that a breakeven platform size
exists for every given altitude below which ABEP propulsion becomes
advantageous from a volume occupancy perspective. This breakeven
platform size clearly depends on the selected mission duration, propul-
sion system characteristics, spacecraft shape, and reference altitude. In
general, since the propellant allocation for drag compensation is more
onerous for small platforms, ABEP systems show greater competitive-
ness for small spacecraft sizes across a wider range of altitudes, where
the 𝜂𝐴𝐸𝑅,𝑚𝑖𝑛 is lower. Finally, to demonstrate the dependence of the
results on the spacecraft shape, we have repeated the analysis as a
function of the relevant platform shape parameter 𝐶𝐷∕𝛼. The results
show how the advantage is more marked for less aerodynamic systems,
since a more bluff body compensating the drag with traditional electric
propulsion would require comparatively more propellant. This could be
relevant for all cases where the platform shape could be driven by other
considerations in addition to aerodynamics, such as payload allocation.
Finally, the analysis was repeated for an extended mission duration
of 10 years, quantitatively assessing the intuitive concept that ABEP
becomes more attractive for a larger range of altitudes and spacecraft
sizes when the duration of the mission is increased.

Concluding, this work has presented a framework for the investiga-
tion of the feasibility and advantage of air-breathing electric propulsion
systems, proposing a single requirement in terms of the ABEP ef-
ficiency, and providing general guidelines on the core parameters
to optimize in terms of propulsive performance, orbit selection, and
platform shape and size.
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Appendix. Estimation of platform parameters

To appreciate the impact of the spacecraft scale and configuration
on the analysis presented in this work, we have considered the three
reference spacecraft listed in Table 1. They include the large/medium-
class GOCE platform, the small-class SLATS platform, and a high-power
6U CubeSat platform.

In general, in free molecular flows the drag coefficient 𝐶𝐷 is affected
by several variables, such as flow properties, wall material, temper-
ature, and geometry [38], and should be estimated from a detailed
assessment of flow properties and platform geometry and thermal be-
havior. Moreover, in air-breathing platforms the flow interaction with
the intake internal surfaces and the fact that a fraction of the incident
particles are processed and expelled by the thruster add more uncer-
tainty in the drag estimation. The detailed quantification of the impact
of these processes on the resulting drag coefficient would involve
complex DSMC and plasma simulations which are beyond the scope of
this simplified analysis. In general, the intake drag (net momentum flux
through 𝐴𝑖) will be the sum of the incident particle momentum flux at
orbital velocity and the momentum flux of the particles effusing back at
the velocity thermalized at wall temperature. As the wall thermalized
velocity is more than an order of magnitude lower than the orbital
velocity, the impact on the resulting drag of particles effusing back
is in general small compared to the incident particle contribution.
Considering that the number of particles effusing back is equal to the
incident particles multiplied by the factor 1 − 𝜂𝑐 , being 𝜂𝑐 the ABEP
collection efficiency, the difference of drag between a closed frontal
surface, i.e., 𝜂𝑐 = 0, and the ABEP configuration is considered a second
order correction.

Additionally, note that some authors identify different contributions
to the drag coefficient for the frontal, lateral and solar panels drag,
which must then be weighted to the corresponding surface to estimate
the full drag (see for example Ref. [13]). In this work, we are only using
the overall spacecraft drag coefficient 𝐶𝐷 which accounts for the full
drag, 𝐷, acting on the spacecraft (including all lateral surfaces) and
uses as a reference surface the spacecraft frontal area 𝐴𝑡,

𝐶𝐷 = 2𝐷
𝜌∞𝑢2∞𝐴𝑡

. (A.1)

Following the above considerations, the reference value range of
rag coefficient for the GOCE platform was taken according to the
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Table A.2
Drag coefficient of high-power 6U CubeSat platform in nominal attitude, computed by
ADBSat for altitudes between 150 km and 300 km, energy accommodation coefficients
between 0.9 and 1, and a wall temperature of 300 K. The Sentman GSI model has
been employed.

ℎ = 150 km 200 km 250 km 300 km

𝛼 = 0.9 6.46 6.83 7.03 7.15
0.95 6.22 6.60 6.79 6.92
1 5.78 6.17 6.37 6.50

work presented in [35], where a combination of numerical methods and
flight data are used to estimate the drag experienced by GOCE during
its lifetime. This results, depending on the model used, in a 𝐶𝐷 between
3.7 and 4.1 for the reference platform frontal area of 0.95 m2. Based on
the data reported in [36], we consider 600 W of power available to its
on-board propulsion system, corresponding to the maximum throttling
capability of the GOCE ion thrusters and a thrust level of 20 mN.

Due to the lack of more recent aerodynamic data available in the
literature, in this work we consider the rarefied flow simulation results
reported in [10] for a preliminary but still representative design of
the SLATS platform. By considering a value of 7.2 m2 as a reference
frontal area (corresponding to the platform solar array surface area),
the work cited makes use of the Maxwell Gas–Surface Interaction (GSI)
model to assess the aerodynamic force and momentum coefficients
depending on the spacecraft angle of attack and sideslip angle. At
nominal attitude, a longitudinal force coefficient between 0.23 and 0.27
is computed, translating into a 𝐶𝐷 between 4.6 and 5.4 when the actual
.36 m2 of platform frontal area is considered. Consistently with the
ata reported in [39], we assume 370 W of power available to the
ropulsion subsystem, corresponding to a 10 mN thrust level produced
y the ion thruster embarked in the SLATS platform.

Concerning the aerodynamic behavior of CubeSats, very few data
eem available in the literature. As such, we made use of the recently
eveloped ADBSat suite [40] to assess the aerodynamic behavior of a
eference high-power 6U CubeSat. ADBSat is a software based on a
ovel implementation of a panel method which is capable of deter-
ining the aerodynamic properties of any body in free-molecular flow.

n ADBSat, the body is represented as a set of fundamental elements
nd the sum of their individual aerodynamic properties makes up the
roperties of the whole. These are read from the meshing elements of
n input CAD geometry file in the Wavefront format. In our analysis,
e make use of the GOMspace 6U structure and NanoPower TSP
eployable solar arrays CAD files, which are openly available in the
OMspace website [41]. According to the available datasheet, a 6U
ubeSat equipped with two NanoPower TSP solar arrays is capable
f producing up to 100 W of available power in fully illuminated
ondition, which is consistent with our choice of 60 W as a reference
ower level available to the propulsion subsystem. The platform 3D
odel was meshed in FreeCAD environment [42] and imported into the
DBSat toolbox. Fig. A.8 shows the imported meshed geometry along
ith the model output in terms of pressure coefficient distribution for
reference simulation case.

A reasonable range for the CubeSat platform drag coefficient vari-
bility was then assessed by performing twelve simulations for different
ombinations of altitudes and wall energy accommodation coefficients,
ee Table A.2. We considered reference altitudes of 150 km, 200
m, 250 km, and 300 km, while the wall accommodation coefficient
as varied between 0.9 and 1, which is consistent with the esti-
ations based on flight measurements reported in [43]. Consistently
ith the ADBSat validation approach presented in [44], we employed

he Sentman GSI model, chose 19 January 2015 midnight 0◦/0◦ lati-
ude/longitude as reference time and geographic coordinates, and set
he 81-day average F10.7 to 138.1, the daily F10.7 to 121.7, and
he Ap magnetic indices in the 2.9 to 9.0 range. Accordingly, a 𝐶𝐷
etween 5.78 and 7.15 for a 0.03 m2 frontal area was obtained from

he simulations.
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Fig. A.8. Example of ADBSat output in terms of pressure coefficient distribution for a simulated altitude of 250 km and an energy accommodation coefficient of 0.95.
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