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Abstract

Air breathing electric propulsion (atmosphere-breathing electric propul-
sion) (ABEP) has attracted significant interest as an enabling technology
for long duration space missions in very low Earth orbit (VLEO) alti-
tudes below about 300 km. The ABEP spacecraft and mission analysis
model developed allows parametric characterization of key spacecraft
geometry and thruster performance parameters such as spacecraft length-
to-diameter, the ratio of solar array span to spacecraft diameter, thrust-
to-power, effective exhaust velocity, and inlet efficiency. For the missions
analyzed ABEP generally outperforms conventional electric propulsion
(EP) below 250 km altitude. Using a 6U spacecraft architecture the
model shows that below 220 km ABEP is the only viable propulsion
option for desirable mission lifetimes. Parametric evaluations of key
spacecraft and ABEP characteristics show that the most significant tech-
nological improvements to ABEP spacecraft performance and range of
applicability for VLEO missions will come from advancements in inlet
efficiency, low drag materials, solar array efficiency, and thrust-to-power.

Keywords: Air-breathing electric propulsion, VLEO, ABEP,
Atmosphere-breathing electric propulsion

Nomenclature

Acronyms
ABEP = Air-Breathing Electric Propulsion
ADCS = Attitude Determination and Control System
AHS = Air Handling System
COMMS = Communication Subsystems
COTS = Commercial Off-the-Shelf
DSMC = Direct Simulation Monte Carlo

1
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EP = Electric Propulsion
EPS = Electrical Power System
ESA = European Space Agency
GOCE = Gravity Field and Steady-State Ocean Circulation Explorer
HET = Hall Effect Thruster
JAXA = Japan Aerospace Exploration Agency
LEO = Low Earth Orbit
SLATS = Super Low Altitude Test Satellite (Tsubame)
SuLPO = Super Low Perigee Orbit
U = A 10cm x 10cm x 10cm ”Unit”
VLEO = Very Low Earth Orbit
Variables
A = area, m2

a = semimajor axis, km
Ap = geomagnetic index
c = effective exhaust velocity, m/s
CD = drag coefficient
c̄ = mean thermal velocity, m/s
Cs = mass fraction
D = drag, N
d = diameter, m
∆V = change in velocity, km/s
E = total specific orbital energy, J/kg
fE = eclipse fraction
h = altitude, km
I0 = incident solar flux, W/m2

Isp = specific impulse, s
kb = Boltzmann Constant, J/K
Kn = Knudesn Number
L = length, m
M = mean molecular mass, kg
ṁ = mass flow rate, kg/s
n = number density, m−3

Ṅ = particle flow rate, s−1
P = Power, W
q = electron charge, coulombs
R = radius of the Earth, km
S = speed ratio
s = solar array length
T = thrust, N
t = thickness, m
Tth = thruster temperature, K
u = flow velocity, m/s
Va = most probable thermal velocity, m/s
Vb = beam voltage, V
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Vw = wall thermal velocity, m/s
α = angle of attack, rad
β = orbit beta angle, rad
η = efficiency
µ = Earth gravitational parameter, km3s−2

ν = mean anomaly, rad
φ = transparency
ψ = angle between the spacecraft velocity vector and the solar vector
ρ = density, kg/m3

σ = accommodation coefficient
σn = normal direction accommodation coefficient
σt = tangential direction accommodation coefficient
θ = angle between the solar vector and SA normal, rad
Θ = line-of-sight open area fraction
ζ = factor for contribution of collisions to collected particle flow rate
Subscripts
a = ambient
assy = assembly
body = spacecraft body
bol = beginning of life
cell = solar cell
eff = effective
ex = exhaust
i = ion
in = inlet
inf = freestream conditions
m = mass
max = maximum
n = neutral
∥ = parallel to the freestream
⊥ = perpendicular to the freestream
r = reflected
SA = solar array
seed = seed gas
t = thermal
tr = transmitted

1 Introduction

Recently, many mission designers are considering very low Earth orbit (VLEO)
below 450km for individual spacecraft missions and large spacecraft constella-
tions due to several mission benefits including ease of orbital access, reduced
debris environment, a reduced radiation environment, improved communica-
tion link budgets, increased resolution and performance for Earth observation
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sensors, and the possibility of using aerodynamic surfaces for orbital maneu-
vers, attitude control, and momentum wheel desaturation [1]. Orbits below
450 km require drag compensation to avoid orbit decay. At orbital altitudes
between 150 - 300 km atmospheric drag is the dominant perturbing force on
a spacecraft orbit [2]. Operating in VLEO is difficult due to the large impact
atmospheric drag has on the orbit, and onboard propulsion is required to com-
pensate for drag and maintain the orbit. High efficiency electric propulsion
(EP) has been used for drag compensation in VLEO, two notable examples
being ESA’s GOCE and JAXA’s SLATS missions which both employed high
Isp gridded ion thrusters [3–5]. For long duration missions at low altitudes, pro-
pellant requirements using conventional EP technology become prohibitively
large. Air-breathing EP (ABEP) aims to remove these propellant constraints
by collecting air from the local atmosphere to use as propellant. Multiple orga-
nizations are currently developing ABEP technologies based on a variety of
EP devices [6].

Several ABEP thruster and inlet systems have been investigated in the
literature, providing a range of feasible performance metrics for these sys-
tems [7–12]. Performance metrics such as inlet and thruster efficiency can be
connected to overall spacecraft performance via system analysis. An initial
system level analysis was performed by ESA which investigated the altitude
range where ABEP would become favorable over conventional EP and found
that above 250km altitude, conventional EP provides adequate performance
and ABEP is not needed [13]. In 2010, Jackson estimated the operating alti-
tudes of standard CubeSat bus geometries by finding the power limited and
thrust limited orbital altitudes [14]. Singh presented a VLEO air collection
feasibility study in 2014 providing performance equations for multiple ABEP
architectures including stored propellant concepts[15]. In 2019 SITAEL pre-
sented a system optimization for their ABEP concept [16]. This work yielded
three feasible spacecraft geometries for different operational altitudes. Tisaev
et al. presents more general analysis of ABEP performance demonstrating the
impact of thrust to power, Isp, inlet efficiency, and other performance metrics
on operational altitudes [17]. The authors also determine a maximum operating
altitude by setting a minimum gas density for thruster operation. Addition-
ally, a thruster controller was developed to maintain orbital altitude and avoid
divergent altitude envelopes. Many of the previous ABEP studies have been
focused on a specific concept and are not generally applicable. While the anal-
ysis presented by Tisaev et al. is general to arbitrary spacecraft, it is limited
to dawn-dusk Sun-synchronous orbits. The objective of this paper is to extend
the work done by Tisaev et al. to arbitrary orbits which may not always be in
sunlight and elliptical orbits which extend to lower altitudes at perigee. Addi-
tionally, this work relates spacecraft geometry scaling relations to operational
performance independent of the overall size of the spacecraft thus making this
analysis general to CubeSats as well as conventionally sized spacecraft. Space-
craft heating is ignored for this analysis as previous authors have shown that
heating only becomes an issue at altitudes lower than those investigated in this
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paper [17, 18]. Additionally, Earth oblateness perturbations are ignored in this
study for simplicity and drag is assumed to be the only orbital perturbation.

As ABEP technology moves forward in development, mission planners will
require first order analytical tools to evaluate ABEP spacecraft performance,
and ABEP developers require direction for which technological areas will yield
the best results. We have developed a model for ABEP spacecraft performance
dependence on spacecraft geometry and thruster parameters by a combination
of spacecraft drag models, atmosphere models, a simple EP thruster model,
and basic orbital dynamics. A parametric sweep is performed to determine the
optimal geometry and thruster type for an ABEP spacecraft. ABEP spacecraft
performance is then compared to conventional EP performance to determine
where ABEP becomes favorable in comparison to conventional EP. A dis-
cussion of the sensitivity of performance metrics is provided to guide future
development of ABEP technology.

2 Approach

To maintain a persistent orbit and avoid semi major axis decay, the propulsion
system must provide thrust to counteract the non-conservative force of drag
on the spacecraft. Therefore, to examine ABEP performance for drag com-
pensation we compare solar-powered ABEP thrust against spacecraft drag as
described in the following subsections. For this analysis, we do not explicitly
account for second order effects such as J2 perturbations.

2.1 VLEO Environment

Drag is the most significant consideration for VLEO orbits due to the sig-
nificant interactions between the spacecraft and Earth’s upper atmosphere.
Atmospheric conditions in VLEO can be found using one of the many Earth
atmosphere models. Popular atmospheric models are the 1976 U.S. Standard
Atmosphere, Jacchia 1977, NRLMSISE-00, and GOST, all with their own
strengths and weaknesses [19–23]. The NRLMSISE-00 model was chosen for
this analysis as it provides accurate information on atmospheric composition,
which is useful for ABEP analysis [24].

Atmospheric density at VLEO altitudes is largely dependent on solar activ-
ity, but also varies significantly with latitude, longitude, and geomagnetic
activity. Variations in density are milder at VLEO altitudes than at higher
altitudes with density changing by roughly a factor of 2 between solar mini-
mum and solar maximum and varying by up to 25% from the mean density in
latitude and longitude [25].

With these considerations, our analysis uses an average value for density
across all latitude and longitudes and is constrained to median geomagnetic
activity (Ap = 8). Where stated, three solar activity conditions will be inves-
tigated: solar minimum (10.7cm flux = 62 SFU), mean solar activity (10.7cm
flux = 114SFU), and solar maximum (10.7 cm flux = 200 SFU). 10.7 cm solar
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Fig. 1: Atmospheric composition over a range of VLEO altitudes. The primary
atmospheric constituents at VLEO altitudes are atomic oxygen and diatomic
nitrogen. Produced using the NRLMSISE-00 model.

radio flux has historically reached up to 250 SFU, but 200 SFU offers a real-
istic mean for sustained solar activity across multiple solar cycles as shown in
Figure 2.

Fig. 2: Historical 10.7 cm radio flux showing the 11 year solar cycle. Marked
values for solar minimum, average solar conditions, and solar maximum are
marked at 62 SFU, 114 SFU, and 200 SFU. Data taken from [26]

2.2 ABEP Thrust Analysis

ABEP thruster systems consist of an inlet which collects air from the atmo-
sphere and an EP thruster which ionizes and accelerates the propellant
collected by the inlet as shown in Figure 3. Air is made up of multiple species,
so thrust is given as a summation of the individual thrust contribution from
each species:

T = ηmγ
∑

s

ṁscs (1)
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Fig. 3: Block diagram of an ABEP thruster and inlet system showing mass
flow through the system.

where cs is the exhaust velocity of each species, ṁs is the exhaust mass
flow rate of each species, ηm takes into account neutral particles lost due to
diffusion out of the thruster which contribute negligible thrust, and γ is a loss
factor which takes into account thrust reduction caused by beam divergence
and the presence of doubly charged ions. This mass flow rate can be expressed
as the product of particle flow rate, Ṅs, and the individual particle mass,
M , such that ṁs = ṄsMs. Generally, molecular species are not conserved
due to dissociation and recombination in the thruster. Ṅs is dependent on
thruster geometry and plasma conditions inside the thruster, and accurately
computing Ṅs requires a reacting plasma code which is outside the scope of
this work. This analysis will assume frozen flow throughout the thruster such
that Ṅcollecteds

= Ṅexhausts The particle flow rate effectively captured by the
inlet can be expressed as,

Ṅs = ηinnas
u∞Ain (2)

The inlet efficiency ηin is defined as the ratio of incident mass flux that is
transmitted through the inlet to the propulsion system [27]:

ηin =
Ṅtr

Ṅ∞

(3)

The incident mass flux not transmitted through the inlet, Ṅreflected is
reflected back out of the front of the inlet. Inlet efficiency, ηin, is the key per-
formance parameter for the inlet of an ABEP device and sensitivity of this
parameter to ABEP performance mission capabilities will be assessed in the
forthcoming analysis. While active inlets have been shown to achieve high ηin
and high compression ratio, passive inlets are more widely covered in the lit-
erature; thus, this analysis will be limited to passive inlets [28, 29]. Passive
inlets generally rely on two capture methods: diffuse capture with collimators
and an accumulator chamber and specular capture with a conical or parabolic
inlet [14, 30, 31]. Atomic oxygen adsorption on surfaces leads to surface rough-
ening and more diffuse scattering over time [32]. Specular collection methods
rely on materials which can resist surface roughening and maintain persis-
tent specular reflection. Such materials are currently under investigation [33],
but none currently exist, so this work will be limited to diffuse collimator-
accumulator designs [10, 27]. Previous investigations have shown that for
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passive collimator-accumulator type inlets ηin varies with inlet geometry and
is inversely proporational to compression ratio of the inlet [12, 34]. Collimator-
accumulator type inlets have been proposed in literature with ηin ranging from
20% to > 45% [30, 31]. Higher inlet efficiencies can be achieved at the cost of
gas compression but this is generally considered undesirable [12, 34]. For this
work ηin = 0.35 is assumed to be a reasonable estimate for applicable to a
wide range of systems [27, 29, 35].

Ain in equation 2 can be replaced with (Ain−AexΘ) to capture the effect of
particles passing completely through the inlet and thruster system and exiting
out the back of the spacecraft without colliding with the spacecraft or another
particle. Θ is the line-of-sight open area fraction at the exhaust plane. ABEP
designs with no direct line-of-sight from the inlet through the thruster, such as
the JAXA design described in [7], have Θ = 0. Equation 2 assumes collisionless
flow throughout the system. The increased air density inside the inlet and
thruster system may cause collisions further reducing the number of particles
which pass through the spacecraft without interacting. While the ambient
flow is considered free-molecular with little inter-particle collisions, the inlet
can compresses the flow to the point where inter-particle collisions become
important. A multiplicative factor ζ may be applied to Aexφn to account for
the gain in ṁ due to increased particle collisions, where ζ ranges between
0 and 1 for full collisional and full collisionless flow respectively. Equation
2 then becomes Ṅs = ηinnas

u∞ (Ain −AexΘζ). For common ABEP designs
inlet area is much larger than thruster exhaust area, Θ is generally small for
HETs and gridded ion thrusters, and ζ is small for high compression inlets,
so Ain >> AexΘζ and AexΘζ is a small correction. Under these assumptions,
including AexΘζ has little impact on final ABEP performance, so for this study
it is assumed that AexΘζ ≈ 0. ABEP concepts utilizing weakly compressing
inlets, large exhaust areas, or high Θ should include the expansion Ain →
Ain +AexΘζ.

The exhaust velocity cs for singly ionized species under electrostatic
acceleration is given by:

cs =

√

2Vbq

Ms
(4)

Equation 4 is valid for thrusters relying on electrostatic acceleration of
ionized propellant such as Hall-effect thrusters and gridded ion thrusters. Com-
bining equations 1, 2, and 4 yields the thrust of an ABEP device assuming
frozen flow:

T =
√

2qVbηmηinγu∞ (Ain −AexΘ)
∑

s

√

Msnas
(5)

Given a maximum mass utilization efficiency, the maximum thrust for an
ABEP system can be found with equation 5. Maximum thrust for a given
altitude is limited by thruster performance parameters, inlet size, and inlet
efficiency.
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Additional seed gas propellant such as xenon can be mixed with the col-
lected air to produce additional thrust or reduce the thrust to power

(

T/P
)

of
the device. These air augmented thrusters can be described by an additional
term in the thrust equation:

T =
√

2qVbηmγ

[

ηinu∞ (Ain −AexΘ)
∑

s

√

Msnas
+

ṁSeed√
MSeed

]

(6)

In this case thrust is not limited by operating altitude and thrust can
be increased by using onboard propellant. Equation 6 provides a first order
description of the thrust produced by an ABEP device. System analysis with
mixing air and onboard propellant is outside the scope of this study, so this
paper will focus on the fully air-breathing case where ṁfuel = 0 described by
equation 5.

2.3 Drag

VLEO orbits are hallmarked by drag being the dominant perturbing force on a
spacecraft, therefore, understanding and properly modeling drag forces is one
of the most influential elements of spacecraft performance modeling in VLEO.
Drag is dependent on geometry, attitude, and surface properties. In order to
create a standard drag model, a reference spacecraft bus geometry is defined
as shown in Figure 4.

Fig. 4: Diagram of the reference VLEO bus geometry used in this analysis.
Length overall (L), solar array thickness (tSA), and solar array length (s) are
defined through ratios to the bus diameter d.
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The geometry is defined by the bus diameter d, the ratio of length to diam-
eter L/d, and the ratio of the solar array length to diameter s/d, or effectively
how many folding solar array panels the geometry employs. The thickness of
the solar arrays is defined by the ratio tSA/s which can be extrapolated from
COTS solar array panels. This study will use tSA/s = 0.0083 which was deter-
mined from CubeSat solar arrays [36]. Defining the geometry in terms of the
diameter allows the spacecraft size to be scaled entirely by it’s diameter, and
it will be shown in later sections that overall performance is independent of
size and only dependent on L/d and s/d.

2.3.1 Flow Regimes and Particle-Wall Interactions

Knudsen number (Kn) is defined as the ratio of the mean free path to a length
scale. Kn is used to determine the type of flow model that is applicable to the
problem [37]. Low Kn flows (Kn < 0.01) are considered continuum flows and
the gas-dynamics are dominated by particle-particle collisions. High Kn flows
(Kn > 10) are considered free-molecular where particle-wall collisions are more
frequent than particle-particle collisions, and the gas-dynamics are dominated
by particle-wall interactions. Statistical mechanics and direct simulation Monte
Carlo (DSMC) methods are frequently applied to free-molecular flows [38].
Intermediate Kn values (0.1 < Kn < 10) are considered transitional flows
where particle-particle and particle-wall collisions are equally important.

Kn remains in the free-molecular flow regime for spacecraft as large as 1
m in diameter for altitudes above 150 km [33]. In free-molecular flows, after
impacting a wall, the incident particle is reflected specularly, diffusely, or a
combination of the two [39]. Specular reflection is akin to light reflecting off
a mirror where the angle of incidence and the angle of reflectance are the
same. Specular reflection usually occurs at clean, smooth surfaces. Rough sur-
faces lead to diffuse reflections where the angle of reflectance is determined
by a Lambert cosine distribution. The degree to which a particle is specularly
or diffusely reflected is determined by the accommodation coefficient σ, with
σ = 1 corresponding to completely diffuse reflection and σ = 0 correspond-
ing to completely specular reflection [39]. Thus, σ strongly influences the drag
coefficient of the spacecraft.

2.4 Drag Model

The atmosphere at VLEO altitudes is rarified with large mean free path lengths
leading to high Kn and free-molecular flow conditions. There are a number
of analytical free-molecular flow drag models in literature [39–41]. The Storch
drag model was chosen for this analysis, and the full equation for the flat plate
drag coefficient is given as [39]:
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CD = 2σn
Vw
u∞

sin2 α+
2√
πS

[

(2− σn) sin
2 α+ σt cos

2 α
]

exp
(

−S2 sin2 α
)

+2

[

(2− σn)

(

sin2 α+
1

2S2

)

+ σt cos
2 α

]

sinα erf(S sinα)

(7)
It has been shown in the literature that spacecraft accommodation coeffi-

cients are very near 1 at VLEO altitudes due to adsorption of atomic oxygen
to the surface increasing its roughness [32, 42, 43]. Applying the σn = σt = 1
assumption to equation 7:

CD = 2
Vw
u∞

sin2 α+
2√
πS

exp
(

−S2 sin2 α
)

+
1

S2
sinα erf(S sinα) (8)

The reference geometry is comprised of multiple flat plate surfaces oriented
either normal or parallel to the flow direction. We can then constrain equation
8 to only the normal incidence, α = 90deg:

CD⊥
= 2

Vw
u∞

+
2√
πS

exp
(

−S2
)

+ 2

(

1 +
1

S2

)

erf(S) (9)

and parallel, α = 0deg, incidence angles:

CD∥
=

2√
πS

(10)

Where the speed ratio S is defined as S ≡ u
Va

[39]. Figure 5 shows variation
in CD with altitude for the normal and parallel incidence angles. CD⊥

does
not change much over the altitude range, but CD∥

varies significantly with
altitude increasing by more than 25% from 150 to 250 km altitude.

(a) CD for perpendicular incidence, α = 90◦ (b) CD for parallel incidence, α = 0

Fig. 5: CD for perpendicular and parallel incidence.
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Drag on the front facing inlet is due to a combination of reflected particles
described by the CD⊥

given by equation 9 which produce a drag force of
Dreflected = 1

2ρu
2AinCD⊥

and ram drag due to particles captured by the inlet.
Captured particles are described as inelastic collisions which impart a drag
force of Dinelastic = ρu2Ain. The ratio of reflected to absorbed particles is
given by the inlet efficiency ηin defined by Equation 3. Thus the total drag
force on the inlet can be written as Din = (1 − ηin)Dreflected + ηinDinelastic

or [16, 44]:

Din = (1− ηin)
1

2
ρu2∞AinCD⊥

+ ηinρu
2
∞Ain (11)

For a flat plate at normal incidence CD ≈ 2.13 over the VLEO altitude
range making the two terms in equation 11 almost the same, and thus ηin has
little effect on drag.

Drag on the full spacecraft can be broken into two components: inlet drag
and skin friction drag given by D = Din + DSF . Inlet drag is necessary for
ABEP operation as there must be an inlet to collect air from the atmosphere.
Skin friction drag is unnecessary drag which can be reduced through the use
of low drag materials with low accommodation coefficients. Summing the drag
force on each surface yields the total drag force on the spacecraft:

D =
1

2
ρu2∞

(

2ASACD∥
+ 2AbodyCD∥

+ (1− ηin)AinCD⊥

+2ηinAin + 2stSACD⊥

) (12)



















































ASA = s ∗ L = d2
(

s

d

)(

L

d

)

Ain = d2

Abody = d ∗ L = d2
(

L

d

)

stSA = s2
(

tSA

s

)

= d2
(

s

d

)2 (
tSA

s

)

(13)

(14)

(15)

(16)

Through the way the reference geometry was defined, the total spacecraft
drag is proportional to Ain = d2.

D =
1

2
ρu2∞Ain

(

2

(

s

d

)(

L

d

)

CD∥
+ 2

(

L

d

)

CD∥
+ (1− ηin)CD⊥

+2ηin + 2

(

s

d

)2 (
tSA

s

)

CD⊥

)
(17)

Drag can be expressed as D = 1
2ρu

2
∞AinCDeff

by defining an effective
coefficient of drag:
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CDeff
= 2

(

s

d

)(

L

d

)

CD∥
+ 2

(

L

d

)

CD∥
+ (1− ηin)CD⊥

+2ηin + 2

(

s

d

)2 (
tSA

s

)

CD⊥

(18)

A breakdown of the drag contribution from each surface for two 10cm
diameter spacecraft with differing L/d is shown in Figure 6. Doubling the L/d
of the spacecraft from 3 to 6 causes the skin friction drag to overtake frontal
area drag as the dominant drag force on the spacecraft. Table 1 outlines the
percent contribution from each drag source over the VLEO altitude range.
In this table, drag is normalized to a point making drag independent of bus
diameter and only dependent on L/d and s/d.

(a) 3U Drag (b) 6U Drag

Fig. 6: Drag comparison between a 1×3U and a 1×6U CubeSat

Table 1: Percent drag contribution of each spacecraft surface for a L/d = 6
spacecraft. As altitude increases, skin friction drag becomes a larger percentage
of the total drag due to an increase in CD at higher altitudes for parallel
incidence surfaces.

Altitude [km] Total Inlet SA Skin Body Skin SA Frontal Area

150 1 36% 41% 21% 2%
160 63% 35% 42% 21% 2%
170 42% 34% 43% 21% 2%
180 29% 33% 43% 22% 2%
190 20% 32% 44% 22% 2%
200 14% 32% 44% 22% 2%
210 11% 32% 44% 22% 2%
220 8% 31% 45% 22% 2%
230 6% 31% 45% 22% 2%
240 4% 31% 45% 22% 2%
250 3% 30% 45% 23% 2%
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Orbital speed u is mostly constant with altitude for circular orbits in the
VLEO altitude range. Atmospheric density ρ is roughly exponentially depen-
dent on altitude, so for a given geometry, drag is dominated by ρ ∝ exp (h). ρ
is determined using the NRLMSISE-00 atmosphere model for this study.

2.5 Power Model

EP and ABEP spacecraft require power to drive the propulsion system. Power
collected by a solar array is given by PBOL = ηcellηassyηtI0ASA cos θ where θ
is the angle between solar array normal and the solar vector [45]. The reference
geometry described in Section 2.3 has two deployed solar arrays and body
mounted solar panels over the entire length of the spacecraft bus which are
angled 45◦ relative to the deployed solar arrays. The maximum available power
to this reference spacecraft is given by:

Pmax = 2ηcellηassyηtI0
(

ASA +Abody cos 45
◦
)

(19)

Similarly to drag in section 2.4, Pmax ∝ d2. Typically, spacecraft will
employ a combination of gimballed solar arrays and attitude control to point
the solar arrays directly at the sun and collect maximum power. This is not an
option in VLEO since the spacecraft must remain oriented with the minimum
surface area in the direction of the velocity vector to keep drag at a mini-
mum. At most, a compromise can be struck by rotating the spacecraft about
its velocity vector as shown in Figure 7. The optimum spacecraft attitude for
maximum power collection was derived by Singh [15].

Fig. 7: Diagram showing the optimal spacecraft attitude which maximizes
collected power while keeping the spacecraft oriented for minimum drag. Space-
craft velocity vector is shown in red, solar array normal is shown in blue, orbit
normal is shown in purple, and the sun vector is shown in yellow. β is the
angle between the sun vector and the orbital plane.
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The β angle is frequently used in spacecraft power analysis to determine
the duration of eclipse periods and is defined as the angle between the orbital
plane and the solar vector. Assuming the solar arrays can be rotated arbitrarily
about the spacecraft velocity vector to collect the maximum amount of power,
the collected solar array power is proportional to the magnitude of the cross
product of the velocity unit vector and the solar unit vector: P ∝ sinψ where
ψ is the angle between the solar vector and the velocity vector. At points 1 and
2 the spacecraft can be rotated such that the solar arrays are directly facing
the sun and maximum power is collected. At point 3 the solar arrays make an
angle π

2 −β to the sun. Assuming ψ varies sinusoidally between beta and pi/2
over the course of the orbit we can determine ψ:

ψ =

( π
2 − β

2

)

cos(2ν) +
π
2 + β

2
(20)

Instantaneous spacecraft power available when the spacecraft is not in
eclipse is then computed as:

P

Pmax
= sinψ (21)

Fig. 8: Power collected over two complete β = 30◦, 200 km altitude orbits
showing eclipse periods in grey and power reduction due to solar array cosine
losses. Power is normalized to the maximum power collected. These results
were verified using the Systems Toolkit software [46]

Beta angle analysis can then be applied to determine the eclipse fraction
fE of the orbit [47].

fE =
1

π
cos−1

[ √
h2 + 2Rh

(R+ h) cosβ

]

(22)

Figure 8 shows the normalized power collected over two complete orbits
including eclipse periods where no power is collected. Integrating over mean
anomaly ν yields the mean power over the orbit as a function of the beta angle
shown in Figure 9.
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P̄

Pmax
=

1

2π





∫ π
(

1−
fE
2

)

0

sinψ dν +

∫ 2π

πfE
2

sinψ dν



 (23)

Average power can be reduced by as much as 70% from a sun-synchronous
orbit leading to significant decreases in spacecraft performance. The results
shown in Figures 8 and 9 are computed for a 200 km altitude circular orbit,
but the results do not change significantly over the VLEO altitude range. This
study will be limited to circular orbits and slightly elliptical orbits where the
power analysis does not vary significantly from the circular case.

Fig. 9: Normalized mean power collected vs β. High β orbits are in constant
sunlight can do not have any eclipse periods. Low β orbits experience sig-
nificantly reduced average power due to long eclipse periods and high cosine
losses. This figure is computed for 200 km altitude, but the results do not vary
significantly over the VLEO altitude range.

2.6 VLEO Orbit Types

ABEP spacecraft may operate in circular or elliptical orbits. Depending on
mission needs, elliptical orbits can provide higher orbit apogee to reduce orbit
average drag or allow a lower perigee for improved Earth proximity during part
of the orbit. More highly elliptical orbits can be considered to further reduce
the minimum operating altitude beyond what is possible with orbits entirely
in the range of VLEO. These orbits can have apogee at a higher altitude where
drag is reduced and dip to low altitudes near the Earth at perigee. These
”Super Low Perigee Orbits” (SuLPO) can provide benefits to certain space
missions by bringing the spacecraft very close to Earth for a portion of the
orbit.
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3 Results

3.1 Power Limited Altitude

A power-limited minimum operating altitude of any EP spacecraft can be
determined through a power balance between the power required to compen-
sate for drag, which is dependent on altitude, and the average power collected
by the solar arrays over each orbit. Power required to compensate for drag is
determined from the T/P of the propulsion system:

P̄ = D ∗
(

T

P

)−1

(24)

For a given geometry, average power available can be computed from the
power model described in section 2.5, and drag can be determined as a function
of altitude using equation 12. T/P is typically determined for each individual
ABEP technology. Using the drag model, the power model, and an atmosphere
model to relate atmospheric temperature and density to altitude, then the
power limited minimum altitude can be determined by numerically solving
Equation 24 for altitude.

As shown in Sections 2.4 and 2.5 both power available and drag are pro-
portional to d2. Scaling spacecraft diameter increases drag, but also scales the
solar array size providing more power collected to compensate for drag. This
scaling effect cancels in Equation 24 decoupling spacecraft performance from
spacecraft diameter. Thus performance is only a function of L

d and s
d . For

example, a 3U CubeSat with 20cm long solar arrays (10 cm × 10 cm × 30
cm, L/d = 3, s

d = 2) can operate at the same altitudes as a larger scaled 1m
× 1 m × 3 m, L/d = 3, s

d = 2 spacecraft provided T/P is the same for both
propulsion systems. In practice, for a given type of thruster, larger thruster
systems typically offer greater efficiency than smaller EP thrusters. Figures
10 show the power limited minimum operating altitude for an EP or ABEP
VLEO spacecraft with varying geometry and T/P .

Conventional HETs and gridded ion thrusters typically have high T/P in
the 30 - 65 mN/kW range [48, 49] while ABEP propulsion has lower T/P in
the 10 – 30 mN/kW range [8, 10] due to decreased performance from atmo-
spheric propellants. Higher L/d spacecraft with larger solar arrays are able to
collect more power and operate at lower altitudes. T/P has the greatest impact
on the power limited minimum altitude, and improving T/P for the propul-
sion system leads to large decreases in operating altitude. Figure 11 shows
how improving T/P reduces the power limited minimum altitude for a refer-
ence 6U geometry shown in Figure 6 at different solar activity levels. For this
geometry, minimum operating altitude varies by up to 20 km over the solar
cycle. Increasing T/P yields diminishing returns at lower altitudes approach-
ing 150 km where atmospheric density increases rapidly as shown in Figure 1.
Another concern is larger spacecraft operating at lower altitudes can approach
the threshold for the transitional flow regime leading to further increases in
drag not accounted for by this model.
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(a) s = 2 (b) T/P = 10mN/kW

Fig. 10: Power limited minimum altitude for various geometries and T/P .
T/P has the largest effect on minimum operating altitude.

Fig. 11: T/P vs power limited minimum operating altitude for the 6U ref-
erence geometry shown in Figure 6

(

L/d = 6, s = 2
)

. Current air-breathing
gridded ion thrusters achieve T/P = 10 mN/kW, inductive plasma thrusters
can achieve T/P = 20 mN/kW [8, 50], and current air-breathing HET thrusters
can achieve T/P = 30 mN/kW [10]. Minimum altitude varies by up to 20 km
over the solar cycle for this geometry.

3.2 Thrust to Drag Ratio

In order for a spacecraft to maintain a stable orbit and avoid semi-major axis
decay, adequate thrust must be produced to compensate for drag T ≥ D, or
T/D ≥ 1. Equation 5 gives the thrust produced by an ABEP system, and
equation 17 gives the drag on the spacecraft. Combining equations 5 and 17
and substituting

√
Msnas

= ρs√
Ms

where ρs is the partial density given as

ρs = Csρ:
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T

D
=

2
√
2qVbηmηinγ (Ain −AexΘn)

∑

s CsM
−1/2
s

u∞AinCDeff

(25)

Cs is the mass fraction of each species in the atmosphere. The ρ dependence
has dropped out of equation 25 removing any strong dependence on altitude.
u∞ varies slightly over the VLEO altitude range, and CDeff

is also weakly
dependent on altitude through the speed ratio S and the ambient mean ther-
mal velocity Va. Ms varies slightly over the altitude range due to composition
changes in the atmosphere. Therefore T/D is mostly constant with altitude
shown in Figure 12. Additionally, if AexΘn << Ain, which is generally desir-
able to minimize propellant loss, then dependence on Ain also drops out of
equation 25.

(a) s/d = 2 (b) L/d = 3

Fig. 12: T/D vs altitude for a range of L/d. T/D is mostly constant with
altitude with some variation due to small changes in CDeff

and u∞ with
altitude.

As L/d and s/d increases, drag increases as well, but the maximum thrust
produced remains constant due to the constant inlet size. High L/d and s/d
ABEP spacecraft have T/D < 1 and therefore cannot maintain a stable orbit.
High power spacecraft are desirable to reduce the power limited minimum
operating altitude, but high power spacecraft also suffer from low T/D which
could make the geometry unviable if T/D < 1.

3.3 Parameter Sweep

The power limited minimum altitude model and the T/D model can be applied
in a parameter sweep over a range of spacecraft geometries, thruster T/P ,
and orbit β angles to map these inputs to minimum operating altitude and
T/D. Geometries with L/d between 3 and 10 and between 1 and 4 solar array
panels are investigated. L/d > 10 and s/d > 4 are considered unrealistic and
not structurally sound. Current gridded ion thrusters running on atmospheric
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propellants achieve T/P ≈ 10 mN/kW while current Hall thrusters running
on atmospheric propellants can achieve T/P ≈ 30 mN/kW [8, 10]. A range of
T/P between 10 - 30 mN/kW is chosen to encompass the full range of current
ABEP technology. β angles ranging from 0◦ to 90◦ encompasses the entire
range of possible orbit cases. For each combination of inputs, the minimum
T/D is checked to ensure T/D ≥ 1. T/D is roughly constant with altitude, so
only checking the minimum is considered sufficient for this analysis. Minimum
operating altitude is then determined by the power limited minimum alti-
tude analysis described in section 3.1. T/D is computed for the power limited
minimum altitude.

Fig. 13: Minimum operating altitude for a range of spacecraft geometries,
T/P , and β for an ABEP with Vb = 1500 V, ηm = 0.85, ηin = 0.35, γ =
1. Cases with T/D < 1 are blacked out. High β orbits offer lower altitude
operation since they offer more power to the spacecraft.

Figures 13 and 14 show the results of the parameter sweep with Vb = 1500
V and Figures 15 and 16 show the results of the parameter sweep with Vb = 500
V. Current ABEP gridded ion thrusters have a T/P of 10 mN/kW and can
support an ABEP spacecraft at a minimum of 175 km. ABEP HETs have a
T/P of 30 mN/kW, but cannot provide as high T/D due to lower effective
exhaust velocity per equation 25 and can support a spacecraft to as low as
155 km. Geometries with T/D = 1 are viable, but spacecraft designers may
wish to use designs with slightly higher T/D to improve maneuverability and
spacecraft survivability in unexpected environmental conditions. Aerodynamic
maneuvering and orbit changing requires T/D > 1 to accommodate increased
drag during these maneuvers.

Actuated solar arrays can be retracted during eclipse periods when they
do not collect power to reduce drag. The mean drag over a complete orbit is
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Fig. 14: T/D for a range of spacecraft geometries, T/P , and β for an ABEP
spacecraft with Vb = 1500 V, ηm = 0.85, ηin = 0.35, γ = 1. Cases with
T/D < 1 are blacked out.

Fig. 15: Minimum operating altitude for a range of spacecraft geometries,
T/P , and β for an ABEP with Vb = 500 V, ηm = 0.85, ηin = 0.35, and
γ = 1. Cases with T/D < 1 are blacked out. High β orbits offer lower altitude
operation since they offer more power to the spacecraft. Note for Vb = 500 V
lower T/D is achievable than the high Vb case shown in Figure 13 and only
low drag geometries are feasible.

computed as a weighted average of the total spacecraft drag with the solar
arrays deployed and the total drag with the solar arrays retracted:
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Fig. 16: T/D for a range of spacecraft geometries, T/P , and β for an ABEP
spacecraft with Vb = 500 V, ηm = 0.85, ηin = 0.35, and γ = 1. Cases with
T/D < 1 are blacked out.

D = (1− fE)DSA Deployed + fEDSA Retracted (26)

where the weighting factor fE is the eclipse period computed from a beta
angle analysis. Retracting solar arrays reduces minimum operating altitude
by up to 10km for geometries with large solar arrays. The added mass and
complexity of actuated solar arrays may outweigh the relatively minor benefits.
Additionally, atmospheric density is usually reduced on the eclipse side of the
Earth further reducing the benefit of retracting the solar arrays during eclipse
periods. Equation 26 is only valid for circular orbits. Elliptical orbits may
benefit more from retracting the solar arrays for certain portions of the orbit,
but that analysis is outside the scope of this study.

3.4 Comparison Between Conventional EP and ABEP

Conventional EP spacecraft operating in VLEO can be analyzed using the
drag model from section 2.4, and propellant requirements can be determined
from mission lifetime and drag compensation requirements. The parametric
analysis in Section 3.3 shows that a spacecraft with L/d = 6 and s/D = 2
is found to perform well. A 6U ABEP CubeSat shown in Figure 17 can be
directly compared to a conventional EP 6U spacecraft using the same bus.
This analysis is similar to the analysis of a high ∆V CubeSat [51].

3.4.1 6U CubeSat With Conventional EP

A total volume of 6U is provided by the spacecraft bus, and the subsystem
layout is shown in Figure 18. The propulsion unit is assumed to occupy 1.6U of
volume based on commercial CubeSat EP thrusters [52]. COMMS, ADCS, and
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Fig. 17: 6U CubeSat (10 cm×10 cm×60 cm, s = 20 cm). The ABEP variation
has the air inlet on the front as shown. The conventional EP case has a flat
front. Both configurations have similar drag.

EPS are estimated to occupy 1.5U of volume in the spacecraft [51]. EPS mass
is estimated to be 0.14 kg [53]. This leaves 2.9U for propellant and payload.
The propellant tank is assumed to be at a temperature of 322 K and pressure
of 161 bar [51]. As the propellant requirements grow, the propellant tank grows
as a sphere until it is 9 cm in diameter, then it becomes stretched to become
a cylinder [51].

Fig. 18: Block diagram of the subsystem layout in the 6U EP spacecraft. As
propellant requirements increase, the propellant tank grows, reducing payload
volume.

Figure 19 shows the effect on payload volume vs spacecraft altitude and
mission lifetime. At lower altitudes, the remaining payload volume decreases
until there is no payload volume remaining and the spacecraft reaches its
minimum altitude. The lifetimes shown in Figure 19 are in agreement with
previous studies [9, 13] Similarly to high ∆V spacecraft, thruster Isp has a
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Fig. 19: Payload volume of the 6U CubeSat operating in VLEO with a 2000
s Isp EP propulsion system. The kink seen at 2U payload volume is where the
propellant tank switches from expanding as a sphere to stretching as a cylinder.

Fig. 20: Wet mass of the 6U CubeSat operating in VLEO with a 2000 s Isp
EP propulsion system. The CubeSat has a dry mass of 5.3 kg not including
propellant tank mass.

major impact on propellant requirements. Spacecraft wet mass increases at
lower altitudes and longer mission lifetimes due to the increased propellant
mass required for low altitude and long mission lifetimes. The 6U reference
spacecraft has an estimated 5.3 kg dry mass not including propellant tank
mass. Figure 20 shows how wet mass increases with increasing mission lifetime
and decreasing operating altitude. The reference spacecraft can collect 96 W at
peak solar power. For orbits that are not sun-synchronous with low β angles,
the mean power collected is reduced by eclipse periods and non-optimal solar
array pointing as shown in section 2.5. Lower altitude orbits require more
thruster power to compensate for drag leaving less power available to the
payload and other systems. Figure 21 shows the remaining power available to
the spacecraft for a variety of orbit types. Lower altitude orbits leave very little
power remaining for subsystems, and the power limited minimum altitude is
considered where all of the available power is sent to the propulsion system to
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Fig. 21: Power available to the payload and other subsystems for a 6U Cube-
Sat operating in VLEO with a T/P = 30 mN/kW EP propulsion system [52].

compensate for drag and the remaining power is zero. In practice, the minimum
operating altitude will be above the power limited minimum altitude due to
power draws from other subsystems.

3.4.2 6U ABEP CubeSat

The same 6U bus is now investigated for an ABEP propulsion system. Again,
the bus provides 6U of total volume with 1.5U allotted to electronics and 1.6U
allotted to the propulsion unit. The air handling system (AHS) includes the
inlet and a tube that runs the length of the spacecraft to deliver air from the
inlet in the front of the spacecraft to the thruster in the back as shown in Figure
22. ABEP spacecraft designers will need to take the AHS into consideration
when planning spacecraft layout. AHS volume was estimated to be 0.54U. The
remaining payload volume is then determined to be a constant 2.36U. The
mass of the spacecraft is estimated using data from [51, 52] to be 8.05 kg
including a standard mass margin [54]. ABEP spacecraft are lighter and less
complicated than conventional EP spacecraft operating at similar altitudes
since ABEP does not require heavy propellant, tankage or plumbing. Tables 2
and 3 show the complete mass and volume allocation for both the ABEP and
conventional EP 6U reference spacecraft.

Fig. 22: Block diagram of the 6U ABEP CubeSat Layout. This layout is
similar to ABEP CubeSat layouts described by Jackson [14].
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Fig. 23: Power remaining for spacecraft subsystems and payload. At lower
altitudes more power must be supplied to the propulsion system to compensate
for drag. At low β average power collected is significantly reduced due to long
eclipse periods and high cosine losses.

Table 2: Conventional EP (240 km, 3 year mission life) and ABEP Allocated
Mass Budgets

Conventional EP ABEP

Subsystem Component Mass (kg) Mass (kg)
Propulsion

Thruster System 1.40 1.40
Tank 0.34 –

Plumbing & Flow Control 0.20 –
Propellant 0.68 –

AHS – 0.32
Structure

Primary Structure 1.10 1.10
10x10 cm Panels 0.70 0.70

Brackets 0.15 0.15
Power

EPS 0.14 0.14
Battery 0.15 0.15

Solar Panels 0.80 0.80
ADCS

Integrated ADCS Board 0.62 0.62
Thermal 0.15 0.15
CDH

CDH Board 0.10 0.10
COMM

COMM Board 0.10 0.10
Antenna 0.10 0.10

20% Contingency 1.35 1.17
15% Margin 1.21 1.05
Total 9.29 8.05

Figure 23 shows the remaining power available to the payload and other
onboard systems. The minimum altitude is where the power available goes to
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Table 3: Conventional EP (240km, 3 year mission life) and ABEP Allocated
Volume Budgets

Conventional EP ABEP

Subsystem Component Volume (U) Volume (U)
Propulsion

Thruster System 1.6 1.6
Tank 1.7 –
AHS – 0.5

Bus 1.5 1.5
Payload 1.2 2.4
Total 6 6

zero and the spacecraft sends all available power to the propulsion system. High
β orbits are favorable to provide larger amounts of power to the spacecraft
and allow for lower altitude operation.

3.5 Super Low Perigee Orbit Analysis

The power limited minimum altitude of a SuLPO spacecraft can be found
using an energy balance between the average power collected on orbit and the
energy lost to drag over the orbit:

∫ T

0

P̄ dt =

∫ T

0

Drag ∗ u dt (27)

Where P̄ is given by Equation 23 and drag is given by Equation 17. Figure
24 shows the power limited minimum altitude for a range of geometries and
apogee altitudes. SuLPO can have extreme instantaneous power requirements
as shown in Figure 25. These instantaneous power requirements can limit
the minimum altitude above the energy limited minimum altitude. Advanced,
high-power propulsion technologies such as capacitor driven MPD thrusters
may be desirable for SuLPO missions.

3.6 Discussion

The model results show that ABEP spacecraft can provide a unique and desir-
able mission capability for VLEO below 250 km. In contrast, conventional
EP is favorable for shorter mission lifetimes at higher altitudes. The primary
restrictions for EP for lower altitudes and longer mission lifetimes is due to
propellant tank volume significantly reducing usable payload volume, as well
as increasing overall mass of the spacecraft. Therefore, high Isp EP is still the
favorable choice for moderate mission lengths at higher altitudes. At lower alti-
tudes and longer mission lifetimes, ABEP provides more payload volume than
conventional EP, albeit less payload power. At lower altitudes ABEP is lim-
ited to high β orbits due to a combination of long eclipse times and SA cosine
losses. Sun-synchronous orbits offer the highest ABEP performance, but as low
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(a) Minimum Perigee Altitude
Varying L/d and T/P .

(b) Minimum Perigee Altitude
Varying L/d and apogee alti-
tude.

(c) Minimum Perigee Altitude
Varying L/d and s.

Fig. 24: Power limited minimum perigee altitude for SuLPO orbits. T/P =
10 mN/kW, Apogee = 300 km, and s/d = 2 unless otherwise stated in the
figure. These figures assume β = 90◦.

Fig. 25: Instantaneous power required for SuLPO orbits with perigee altitudes
of 140, 150, and 160 km and apogee at 300 km. The spacecraft bus is 50 cm ×
50 cm × 250 cm. SuLPO spacecraft will need advanced high-power propulsion
and power processing systems.

as β = 30◦ orbits are still viable for low-power payloads. β = 0 offers the worst
ABEP performance and mission designers should avoid these orbits if possible.

Spacecraft with high L/d and large solar arrays are favorable for ABEP
spacecraft allowing them to collect large amounts of power to feed the propul-
sion system. There is a limit to the maximum wetted area of the spacecraft
as the thrust is fixed for a given propulsion system and inlet area, and space-
craft designers must check to ensure that their spacecraft geometry can achieve
T/D ≥ 1. Higher T/D may be desirable to ensure spacecraft survivability at
higher-than-expected atmospheric density or to allow for improved maneuver-
ability. A linear 6U form factor with a 2 panel SA was determined to perform
well for an ion thruster based ABEP system offering a T/D = 1.35 and a min-
imum altitude of 179 km in a SSO. HET based ABEP systems benefit from
improved T/P relative to ion thrusters but suffer from reduced thrust due to
the reduced effective exhaust velocity. A 4U spacecraft with 1 solar array panel
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offers the best performance for a HET ABEP system with T/D = 1.27 and
a minimum altitude of 161 km in an SSO. Larger spacecraft with the same
geometry scaling provide the same performance provided that the propulsion
system offers the same T/P . Larger propulsion systems typically provide higher
efficiency which could improve ABEP performance for larger spacecraft.

Compression ratio is a concern for operating ABEP thrusters as a mini-
mum gas density must be maintained inside the thruster for proper operation.
This gas density limit constrains the range of possible inlet efficiencies and
also sets an upper altitude limit on ABEP operation as described in [17].
Deterioration of ABEP thruster components is a concern due to the highly
reactive propellant, and oxygen resistant materials must be chosen to resist
thruster erosion. Lotz performed grid erosion measurements a modified RIT-
10 thruster and measured minimal erosion with titanium grids over a 500 hour
test. Extended lifetime testing and accurate grid modeling is required to ensure
thruster operation for longer durations.

ABEP performance can be improved with higher T/P propulsion, improved
SA efficiency, low drag materials, and highly efficient inlet designs. Higher
T/P enables lower altitude operation for ABEP spacecraft and leaves more
power for the payload as less power is required to maintain the orbit. Figure 11
shows the dependence of minimum operating altitude on thruster T/P . HET
based ABEP offers higher T/P than gridded ion ABEP, but ABEP HETs
are limited to smaller bus sizes due to the reduced effective exhaust veloc-
ity. Improved solar array efficiency is desirable for almost every space mission,
but ABEP missions benefit by having more power available to the propulsion
system and enabling lower altitude operation. Figure 26 shows the minimum
operating altitude of an example 6U spacecraft with increasing solar cell effi-
ciency. Low drag materials offer reductions in skin friction drag by retaining
a low accommodation coefficient in VLEO altitudes and are currently being
investigated by ESA’s SOAR spacecraft [33]. Decreasing accommodation coef-
ficient can facilitate up to a 25 km decrease in operating altitude as shown in
Figure 27. Low drag materials also decrease propellant requirements for low-
altitude conventional EP spacecraft. Improvements to inlet efficiency provides
higher propellant flow rates to the ABEP propulsion system improving T/D.
Increasing ηin from 35% to 45% increases T/D from 1.4 to 1.8 for the 6U
reference spacecraft (Vb = 1500 V). Higher T/D improves spacecraft maneu-
verability and improves performance for aerodynamic attitude control and
orbital maneuvers.

4 Conclusion

A model was developed to determine ABEP spacecraft performance based on
spacecraft geometry and propulsion performance for VLEO orbits. It was found
that spacecraft performance is not directly dependent on overall spacecraft size
but rather on important non-dimensional geometric ratios such as spacecraft
length-to-diameter (L/d) and solar array span to spacecraft diameter (s/d).
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Fig. 26: Power limited minimum operating altitude for an ABEP spacecraft
with T/P = 10 mN/kW with varying solar array efficiency.

Fig. 27: Power limited minimum operating altitude for an ABEP spacecraft
with T/P = 10 mN/kW with varying accommodation coefficients. An accom-
modation coefficient of 0 leads to CD∥

= 0 and no skin friction drag. The
remaining drag is due to frontal area drag.

Power collected on orbit was shown to be heavily dependent on β angle, leading
to up to 70% reductions in average power collected from the SSO case for a
VLEO spacecraft. The major drivers of ABEP spacecraft performance were
shown to be T/D, ηin, L/d, and s/d. A parametric sweep was applied to
find geometries which lead to the lowest operating altitude. Given a geometry
optimized for low altitude operation, increasing T/P is the most fruitful way to
further reduce the minimum operating altitude. Implementing high-efficiency
solar arrays and low drag materials decreases minimum operating altitude as
well, but not as significantly as T/D.

ABEP CubeSat performance was compared with a conventional EP Cube-
Sat with the same bus geometry to determine mission scenarios which favor
ABEP over conventional EP. It was found that for missions of 3 years or
longer, payload volume becomes severely reduced for EP spacecraft below 240
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km and ABEP spacecraft become favorable, which is in agreement with pre-
vious studies [13]. An eccentric orbit type with perigee below about 160 km,
Super Low Perigee Orbits (SuLPO), were presented and characterized as an
advanced ABEP mission design. SuLPO missions present a difficult technical
challenge due to the high peak power requirements on the order of multiple
kWs, but SuLPO may prove to be favorable for certain applications as ABEP
and spacecraft power technology matures.
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