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Abstract

The increasing number and complexity of CubeSat missions have created a need for on-board propulsion capability for orbital control. These

propulsion systems provide guidance navigation and attitude control (GNAC). While several propulsion processes exist, most have characteristics
that make them sub-optimal for CubeSat applications such as fuel toxicity, large size and weight, fuel volatility, low specific thrust or needing
pressurized propellant tanks. Mitigating these risks increases mission costs, which is contrary to the fundamental CubeSat concept-providing low-
cost access to space. An alternate CubeSat propulsion system is proposed that is based using inert water as the propellant storage medium (PSM).
Once in orbit, the water is electrolyzed, generating hydrogen and oxygen for thrust generation. A 0.2N CubeSat thruster design can produce a AV
exceeding 2700 m/s more than sufficient for GNAC requirements.
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Abbreviations

1U: Base size of CubeSat module representing a 10cm cube; Al: Aluminum; Ar: Argon; COTS: Commercial-off-the-Shelf; GNAC: Guidance,
Navigation and Attitude Control; H,: Elemental Hydrogen; I: lodine; Isp: Specific Impulse, the ratio of thrust produced per amount of propellant, has
units of Seconds; Kr: Krypton; N: Unit of Force; Ni: Nickel; NTO: Nitrogen Tetroxide; O,: Elemental Oxygen; psig: Gauge Pressure; PSM: Propellant
Storage Medium; SO2: Sulfur Dioxide; Xe: Xenon; AV: Change in Velocity, represents impulse needed to change a satellite’s orbit; v : Thrust, a force

produced by expellant propellant from a nozzle that pushes a satellite forward.

Introduction

Deployment of CubeSats have increased exponentially over the
past decade. Currently nearly three quarters of these deployments
have communications-focused missions. As CubeSat utilization in-
creases, the need for divert and attitude control capabilities also
increases requiring the addition of propulsion systems in the micro
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satellite platform. Propellant technologies used in conventional sat-
ellites and the heavy-launch vehicles used to transport the CubeSats
into orbit often use toxic propellants, have high-power demands or
do not produce sufficient thrust for orbital maneuvering. This pa-
per proposes an alternate propulsion technology that uses water as
an inert propulsion storage medium (PSM) that is electrolyzed once
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the CubeSat is in orbit into hydrogen and oxygen which can be used
for divert and attitude control. Use of a PSM propulsion system can
greatly reduce costs and risks related to CubeSat fabrication, trans-
portation to the launch site and launch.

Case Presentation

CubeSats, first launched in 2003, were the brainchild of profes-
sors Jordi Puig-Suari and Bob Twiggs. In 1999, these professors en-
visioned CubeSats as a low-cost means of accessing space with fast
development windows enabling space-based research for graduate
research [1]. CubeSat configurations are based on a 10-centimeter

cube. This base module is referred to as a 1U CubeSat. The modular
CubeSat platform has greatly reduced fabrication and development
costs and significantly increased access to space using affordable
spacecrafts. The modular configuration also allows for more di-
verse and complex missions through combining multiple modules.
Examples of 1 U and 3 U CubeSats are depicted in Figure 1. Due to
their standardized aspects, companies can mass produce compo-
nents and offer commercial off-the-shelf (COTS) parts. This allows
CubeSat design to be less costly and very customizable [2]. A con-
cise summary of the history of CubeSats can be found at Microsat
Blitz [1].

( 1
3U Standard
H Dimensions:
10em = 10 em = 11 em 10 &m = 10 em x 34 em
Figure 1: 1U CubeSat (left) 3U CubeSat (right) [2].
- )

CubeSats are classified as nanosatellites based on size and
weight constraints. Their modular formfactor and the availability
of low-cost, flight certified COTS components have created explo-
sive growth in the CubeSat market. There were over 2800 CubeSat
launches in 2023 a mere 20 years after the first CubeSat launch [3].
The increased interest in CubeSats has also dramatically changed
hardware architectures and approach to space applications. In the
mid 2010’s, approximately 50% of CubeSat missions focused on re-
mote sensing. However, within the past 10 years, the use of CubeSat
constellations such as those operated by Starlink and OneWeb for
communications applications has skyrocketed. Communications
applications currently account for over 75% of current nanosatel-
lite missions [3].

As CubeSat missions have shifted to longer and more complex
missions, the need for CubeSat propulsion technologies has in-
creased to maintain orbit, increase attitude as well as provide nav-
igation control [4]. Propulsion systems serve a myriad of purposes
in spacecraft including LEO maneuverability. Propulsion systems
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can also help extend the lifetime of satellites and facilitate induced
or natural orbit decay caused by the atmosphere near the end of a
mission. Common propulsion technologies including chemical, cold
gas, electrospray, and vacuum arc thrusters have been launched in
the CubeSat platform [5]. A concise summary of CubeSat propul-
sion technologies can be found in “An Overview of Cube-Satellite
Propulsion Technologies and Trends” by Tumalla and Dutta [5].
Each propulsion technology comes with benefits and risks in terms
of performance, reliability and mission risk reduction. Propulsion
technologies are typically compared via two major performance
characteristics: thrust (n) and specific impulse (I ). Thrust is pro-
duced by expelling propellant at high velocities as well as the ex-
haust pressure at the rocket’s nozzle. Increasing mass flow, system
pressure or exhaust temperatures (i.e. hot combustion byproducts)
increases thrust. The specific impulse depends on thrust generated
and propellant mass flow rate. As shown in Figure 2, electric pro-
pulsion technologies can produce very high specific impulse, but at
very low thrust, whereas chemical propulsion systems can achieve
high thrust but at relatively low Isp.
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Figure 2: Specific impulse and thrust operating regimes for space propulsion methods with power level contours [6].
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As noted in Tumalla and Dutta’s review, propulsion systems
utilized in CubeSats are classified as micro-propulsion units given
their relatively low thrust ranging from nano- to micro-Newtons.
The major CubeSat thruster categories are electric and non-elec-
tric, depending on their reliance on the CubeSat power bus. Electric
Systems requiring on-board power include resistojets, electrospray,

Table 1: Examples of micro propulsion systems and their propellants.

ion and Hall thrusters, and pulsed plasma systems. Cold gas, liquid
and solid propellant systems are classified as non-electric as they
only require on board power to initiate/terminate thrust. Common
CubeSat propulsion systems and propellants are presented in Table
1.

Cold Gas Liquid Butane, Ar, Methane
Liquid-Bipropellant Hydrazine + NTO
Liquid-Monopropellant Hydrazine

Solid Rocket Al and Ammonium perchlorate
Resistojets Xe, SO,
Radio-Frequency lon Thruster Xe, lodine
Hall Effect Propulsion/Hall Thrusters Xe, I, Kr, Ar
Electrospray Ionic Liquid

Pulse Plasma Thruster

Teflon, Ni, Al, Ti

Solar

Water/Steam

Hybrid Chemical/Electrical [7]

Hydrazine

Table Abbreviations: Al: Aluminum; Ar: Argon; I: lodine; Kr: Krypton; Ni: Nickel; NTO: Nitrogen Tetroxide; SO,: Sulfur Dioxide

Cold gas systems are reliable but require high pressure tanks
increasing satellite weight and costs. Electronic propulsion in-
cluding Hall Thrusters and ‘electrospray’ systems require volatile
metal propellants such as sodium which can off-gas and coat con-

trol valves during the standby/wait period between final satel-
lite assembly and mission launch impacting overall performance.
Chemical propulsion technologies include both bipropellant and
monopropellant systems. Bipropellant systems include a fuel and
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an oxidizer that react in a combustion chamber to produce hot gas-
es that are subsequently expelled through a converging-diverging
nozzle to produce thrust. In monopropellant propulsion, the pro-
pellant contains both fuel and oxidizer in a stable formulation that
typically reacts with a catalyst to produce the high-temperature re-
action products used to produce thrust.

While electric change practical to effective technologies can
produce extremely high Isp’s, they are not practical for maneuver-
ing in low-earth orbit that can require regular attitude control op-
erations to maintain desired orbits and to avoid other satellites or
space debris. Thus, practical CubeSat navigation systems include
cold-gas or chemical propulsion technologies. Hydrazine has been
commonly used for decades in satellite applications and was used
in the Space Shuttle positioning thrusters. A major drawback for
using hydrazine, especially in low-cost CubeSat applications, is its
extreme toxicity. In reality, use of any chemical mono- or bi-propel-
lant system significantly increases risks of hazardous or toxic leaks
during launch in the event of failure. Chemical propellants by their
nature are reactive with varying degrees of stability, which makes
them ideal for controlled propulsion applications, but can have
a negative impact on the environment or to human health in the
event of an accidental release.

There have been 14 major launch failures over the past decade
including three missions each from SpaceX and Rocket Lab, two
missions from both AstroLab and Firefly. The remaining failures
were attributed to individual company launches from Blue Origin,
LandSpace, i-Space and Virgin Orbit [8-20]. These accidents result-
ed in loss/ destruction of payloads and likely release of propellants

from both the launch vehicle and payload.
Discussion

Given the number of launch failures over the past decade and
their resulting negative impacts on the environment, it is import-
ant to develop inert propulsion technologies for CubeSats. Cold-gas
systems are an option, however, ss previously mentioned, their use
can be limited due to weight constraints in CubeSat applications. An
alternative approach is to create a propulsion system that includes
an inert propellant storage medium (PSM) that can be subsequent-
ly converted into a reactive fuel/oxidizer combination suitable for
high-thrust applications after the CuberSat enters near earth or-
bit. In this scenario, CubeSats would be filled with the PSM at the
CubeSat manufacturing site, then transported to the launch integra-
tion facility where the CubeSat(s) are mated into the launch rocket.
Such a design is a major advancement compared to conventional
propellants like Hydrazine whose handling and transportation re-
quirements prevent them from being transported ‘full’, rather they
need to be fueled at the launch site. Should a launch vehicle failure
result in CubeSat destruction, there would be basically no adverse
impact due to release of the PSM due to its inert characteristics.

Research is ongoing to develop a CubeSat propulsion system
using water as the PSM. Once a water-fueled CubeSat enters or-
bit, solar panels would be deployed to power a COTS electrolyzer
where the water is converted into hydrogen and oxygen. This is
an ideal combustion propellant combination that can produce ex-
tremely high thrust. A electrolyzer-based PSM propulsion system is
depicted in Figure 3 below.

( M)
H20 input
oz WValves
Tank H
H2 vA
Tank
Figure 3: Schematic of PSM-based propulsion system [4].
. )

Simple, low-cost electrolyzers readily available to the academ-
ic community include those made by H-Tec (h-tec-education.com).
Figure 4 depicts a H-Tec rebuildable electrolyzer (model E206)
which has been pressure-tested to over 4 atmospheres.

Given the capability of operating at pressure, the hydrogen and
oxygen product gases can be ‘self-pressurized’ and stored at 60 psig
prior to combustion initiation. At this pressure, and at an oxidizer
to fuel ratio of 8 a hydrogen-oxygen thruster can produce a theoret-
ical vacuum Isp of 351s using an optimized diverging nozzle [21].
At this I,a0.2N thruster can achieve a AV of 2714 m/s. AV relates
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thrust to total vehicle mass and represents the impulse needed to
the change orbit of a satellite.

With the exponential rise in deployment of CubeSats and oth-
er micro-satellite platforms, and their expanding mission demands
in low earth orbit, novel, non-toxic propulsion technologies are
needed to reduce risks and costs associated with satellite fabrica-
tion, transportation and launch. Using water as a propellant stor-
age medium achieves these outcomes while providing high thrust
maneuverability in low earth orbit while embracing the low-cost
paradigm of CubeSats.
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Figure 4: H-Tec Rebuildable Electrolyzer.
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