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ABSTRACT:

Water can be utilized as spacecraft propellant to
dramatically reduce the environmental impact of
constructing and operating a satellite. A multi-mode
chemical-electrical propulsion system is presented
In this concept, water is presented as the propellant
for both high thrust chemical manoeuvres, and high
specific impulse electrical manoeuvres. Such a
system would allow the community to divest from
traditional propellants such as hydrazine and xenon,
reducing the production of highly toxic chemicals
and dramatically reducing the carbon footprint of the
propulsion system. Water has the lowest toxicity,
carbon footprint and price of any current or
proposed propellant and has demonstrated both
feasibility and competitiveness in laboratory testing.
The unique role it can play across multiple
spacecraft subsystems suggests that the
commercial adoption of water as a propellant will
reduce cost and mass while also reducing the
environmental impact of the satellites of tomorrow.
This technology has the ability to enable the
development of a modular, multi-functional,
competitive and environmentally friendly spacecraft
architecture.

This paper is published with the permission of the
authors granted to 3AF — Association Aéronautique
et Astronautique de France (www.3AF.fr) organiser
of the Space Propulsion International conference.

1. INTRODUCTION

As can currently be witnessed, an exponential
increase in the number of spacecraft launched each
year is observeable, as the space sector becomes
less expensive and more commercialised. Without
clear oversight and vision, such a rapid expansion
of an industry has the potential to greatly damage
the environment. Special care must be taken to

ensure that the economic gain of a few, does not
come at a disproportionate environmental expense
to the planet. The United Nations (UN) Sustainable
Development Goals (SDGs) present an agreed
upon framework of ideals which aims to allow all
nations to prosper while ensuring international
collaboration in protecting the environment.

In this study the focus is on the propulsion
subsystem of a spacecraft, which is typically the
most massive and most environmentally damaging
component of a spacecraft. The propellants which
are consumed by the propulsion system have
historically been chemicals which are extremely
toxic or produce a huge carbon footprint when
generated. A propulsive modular multi-functional
architecture is presented which utilizes water
electrolysis, ultimately resulting in an
environmentally sustainable yet commercially
competitive system.

Water electrolysis propulsion itself is not a novel
concept, which was first proposed by NASA in 1997
[1]. In this paper the implementation of a
combination of a chemical and an electrical in-
space propulsion system upon a single spacecraft
is considered, as a means to increase capability
while  reducing  environmental cost. The
environmental benefits of this type of system,
compared to the traditional state of the art is
presented. The benefits of the technology are
highlighted at a subsystem level to show how water
has the ability to replace traditional propellants
without greatly sacrificing performance. In addition
to presenting the opportunity to combine chemical
and electrical propulsion systems for a multi-mode
system, other synergies with more subsystems,
such as energy storage or thermal management,
yields opportunities for a new generation of
spacecraft with unified water architectures. An
overview of the benefits of such a system in the
context of the UN SDGs is provided and a roadmap
for the implementation of this technology in a space
mission by early 2030s is presented. For
completeness, the strengths, weaknesses,
opportunities and threats of this technology are
overviewed in the form of a SWOT analysis.



2. BACKGROUND

In-space propulsion systems are split into a rigid
dichotomy between chemical propulsion and
electrical propulsion.

High thrust burns are best achieved by a chemical
propulsion system: here combustion rapidly
converts the chemical energy in the bonds of the
propellant into thermal and kinetic energy [2]. In an
electrical propulsion system, energy from solar
arrays is used to ionise an inert propellant to
produce a plasma. An electric field can then be used
to eject the charged particles of the plasma at very
high velocities [3]. What an electric propulsion
system lacks in thrust, it makes up for propellant
mass efficiency, here measured in specific impulse
or lsp with units of seconds (s). Spacecraft designers
typically must choose whether to opt for a high
thrust chemical propulsion system, or chose an
electrical propulsion system which greatly saves
propellant mass.

For chemical in-space propulsion systems,
hydrazine and its variants are by far the most widely
utilized propellants. Although highly useful,
hydrazine is corrosive, explosive, carcinogenic and
extremely toxic to humans and the environment [4].
The risks that hydrazine pose are so severe that the
European Chemicals Agency listed hydrazine as a
candidate of ‘very high concern’ in 2011, forcing
propulsion engineers to investigate less toxic
alternative propellants [5].

The vast majority of electric propulsion devices
operate with the nobel gas xenon serving as the
propellant [3]. Xenon is easy to ionise and its low
chemical reactivity allows it to be stored and
handled safely. While not toxic, xenon is far from
being environmentally friendly. Extracting and
purifying xenon from the atmosphere requires
enormous amounts of energy, and thus generates a
huge carbon footprint often not considered. Xenon
and krypton are industrially produced by separation
of by-products of industrial oxygen and nitrogen
production. Air separation plants provide Primary
Krypton Concentrate (PKC), which contains krypton
and xenon with a combined concentration of 0.1
mol% [6]. The most energy efficient method for
purifying the nobel gases further from the PKC, is a
Khrom-3 installation, which heats, burns, cools,
condenses, and evaporates the gases over several
stages [6]. This requires vast amounts of electrical
energy and liquid nitrogen. The final product is a
krypton-xenon mixture which contains on average
5-10 mol% xenon.

Even if the energy required to produce PKC is
ignored in the first place, a single kilogram of xenon
requires between 1315-4353 kWhs for purification,
depending on the method and yield [6]. This is an
extraordinary amount of energy, which generates
an enormous amount of greenhouse gases to

produce. Table 1 shows the energy cost of several
products for comparison. As an example, consider
the electric propulsion spacecraft BepiColombo,
which had 581 kg of xenon on board at launch.
Producing this much xenon would have cost up to
750 tons of CO2, assuming the average CO:
production per kWh of power generated in Europe
in 2016 [7]. This is a larger carbon footprint than the
average UK citizen produces in their entire lifetime.

Table 1 Energy cost of xenon in comparison with
other standard products

Product Energy Cost (kWh) | Ref.
1kg Xenon 1315-4350 [6]
1 Bitcoin 900-2190 [8]
1kg Titanium 100 [9]
1kg Aluminium 15 [10]
1kg Beef 8.3 [11]
1kg Stainless Steel | 0.3-3.75 [12]

Both the chemical and electrical propulsion markets
are dominated by propellants which are extremely
damaging to the environment. Large European
agencies including CNES and ESA have stressed
the need for more environmentally sustainable
propellant alternatives [13, 14].

3. Water as a propellant for space propulsion

Switching from traditional propellants such as
hydrazine and xenon to water will dramatically
reduce the environmental impact of the spacecraft
propulsion system while providing several
substantial system level benefits. Although this
paper focuses on the use of liquid water in
conjunction with an electrolyzer, notice that water
vapour is also a possibility and currently is being
explored as propellant for the electric propulsion
subsystems.

3.1. Water Electrolysis Propulsion Concepts

Broadly speaking there are three different water
electrolysis propulsion systems. Table 2 shows the
broad capabilities of these technologies.

The Water ElecTrolysis Hall Effect Thruster (WET-
HET) has been developed to demonstrate that an
electric propulsion system can operate on the
products of water electrolysis [15]. Using water as a
Hall effect thruster propellant has not previously
been possible because water reacts aggressively
with the emitter surfaces within the critical
neutralising cathodes [16]. The novel concept of the
WET-HET relies on the fact that hydrogen does not
react with these cathodes [17, 18]. By utilizing an
electrolyser, the anode consumes the produced
oxygen where the cathode operates on hydrogen
[15]. This allows the WET-HET to make use of
storing water, but generating gaseous hydrogen
and oxygen as they are consumed. The most recent
thrust measurements have shown that the device



can produce a specific impulse in excess of 4000s
when operating with a discharge power of over 3kW
[19, 20, 21]. In terms of specific impulse, the WET-
HET is superior to state-of-the-art traditional Hall
effect thrusters operating on xenon, such as an
SPT-100 which produces 1590 s at 1500W [22]. The
WET-HET is the first Hall effect thruster ever
optimized for working on the products of water
electrolysis, and demonstrates the feasibility of this
technology clearly.

Water electrolysis chemical propulsion systems rely
on small volumes of hydrogen and oxygen
combusting at the same stochiometric ratio that they
are produced. Such systems were first
demonstrated in the 1970s in the laboratory with
great success [23]. For these results, the thruster
was directly coupled to an electrolyser, and the
duration of the experiment demonstrated stability of
both systems over the expected lifetime of the
mission. The drive for alternative chemical
propellants has recently reignited interest in the
concept, with several research groups developing a
new generation of electrolysis propulsion systems
[24, 25, 26]. The Iridium Catalysed Electrolysis
(ICE) thruster suit describes a fabrication method to
produce thrusters quickly, cheaply, and with great
scalability. Historically, the complex geometry
required to regeneratively cool hydrogen/oxygen
chemical thrusters has been extremely costly to
machine. By utilizing a microelectromechanical
system (MEMS) fabrication process, thrusters of
arbitrary complexity can be produced quickly and for
low cost, allowing for iterative rapid prototyping [24].
These thrusters are also highly scalable, meaning
they could be scaled from milli-newton CubeSat
propulsion to kilo-newton apogee engines. Water
electrolysis chemical propulsion systems like these
have demonstrated over 300s of specific impulse
with thrusts over 2 N, outperforming traditional
hydrazine thrusters which generally perform at
around 220 s of specific impulse [25].

For simple and fast Attitude and Orbit Control
Systems (AOCS) of spacecraft, cold gas propulsion
systems are widely preferred. The performance of a
cold gas thruster is limited by the propellant used.
Traditionally, nitrogen is used for this purpose,
which has a theoretical maximum specific impulse
of 80 s [27]. Water electrolysis propulsion systems
can utilize the produced hydrogen as a cold gas
propellant, which has the highest theoretical specific
impulse of any known gas at 296 s, and with 270 s
having been demonstrated in laboratory [27, 28].

Table 2 Performance capabilities of a water multi-
mode propulsion system

Thruster Cold ICE WET-HET
Gas

Type - Chemical | Electrical

Propellant H2 H2+02 H2+02

Isp (s) 272 310 4112

Thrust (mN) | 50 2000 38

Reference [28] [24] [20]

3.2. A Multi-Mode Chemical-Electrical Water
Electrolysis Propulsion System

A “multi-mode propulsion system” is here defined as
a propulsion system which utilises both a chemical
and an electric propulsion system on a single
spacecraft.

Several muti-mode chemical-electrical propulsion
systems using a variety of propellants have been
investigated, yet very few have ever been flown [29].
The added mass penalty of flying two separate
propulsion systems, along with their respective
propellant storage and management systems often
outweighs the benefits they provide. However, there
are significant system level advantages of
combining several of the discussed water
electrolysis propulsion systems into a single
system. Here a multi-mode chemical-electrical
architecture is proposed using a combination of
electrical (Hall Effect Thruster) and chemical
(bipropellant chemical system) propulsion.

Any mass penalties of flying two independent
propulsion systems previously described are greatly
reduced if both systems utilize the same propellant
[29]. This can be done with water. Because a shared
propellant chemical propulsion system like a water
electrolysis system only requires a single propellant
storage and management systems, mass is
significantly reduced over two standalone systems.
In terms of the propulsion subsystem, by having
both a chemical and an electrical water propulsion
system on-board a single spacecraft, the operator
has the option of performing high thrust chemical
manoeuvres, or high specific impulse electrical
manoeuvres. To complement this architecture, cold
gas thrusters operating on hydrogen can be used
for highly efficient AOCS. As a result, the
incorporation of this multi-mode chemical electrical
water propelled system provides spacecraft with a
flexible, adaptable  and high-performance
architecture, while dramatically reducing the
environmental impact of the technology. Such a
system offers exceptional flexibility for trajectory
planning: being able to consume the same
propellant in either propulsion system allows the
spacecraft operator to remain highly adaptable to
mission changes. Even mid-mission, the ability to
seamlessly redistribute propellant to either the
chemical or electric propulsion system allows for
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Figure 1 Water multi-functionality in spacecraft

dramatic trajectory changes. This is extremely
important for manned missions where an
emergency at any time requires a drastic mission
alteration.

Take for example an exploration mission to Jupiter’s
moon lo, which would greatly benefit from a multi-
mode chemical/electrical propulsion architecture:

1. The spacecraft is released from the launcher
and detumbles using a hydrogen AOCS.

2. A kilo-newton class ICE thruster is fired at
perigee such that the spacecraft is on a
hyperbolic trajectory escaping Earth.

3. The WET-HET is used to adjust the course on
a deep-space cruise.

4. An orbit insertion burn is performed by the ICE
thruster to be captured by Jupiter.

5. The WET-HET provides drag compensation to
perform very low orbit trace-gas sampling of lo’s
atmosphere.

6. Depending on the results found, electric orbit
raising can be used to study other Jovian
moons, or chemical plane changes can be used
to sample atmospheres in the polar regions.

Mars and Moon missions may benefit similarly from
this type of multi-mode architecture. The presence
of water on these planets make them suitable for In
Situ Resource Utilization (ISRU), where water can
be retrieved to fill the spacecraft and continue the
space journey. While this may seem far-fetched,
water ISRU technology is already being developed
[30]. This exemplifies the necessity of developing
water propulsion systems to maximise the utility of
this technology.

3.3.Water in a multi-functional spacecraft
architecture

Several subsystems other than the propulsion
system can benefit from the utilization of water. It is
proposed that if water were to replace hydrazine
and xenon as a spacecraft propellant, these other
subsystems would greatly benefit by sharing water
and hardware, resulting in substantial mass
savings. This allows for system architectures unified
by the multi-functionality of water. An example of
such architecture is illustrated in Figure 1.

The starting point is a pressurized water tank, linked
to a Reversible Fuel Cell (RFC) composed of a fuel
cell and an electrolyser. When excess energy is
available, the electrolyser facilitates the following
reaction: H20 + Energy -> H2z + % Oz which
separates H20 into H2 and Oz (Charge Mode). The
combination of these two propellants separately
serves for the development of both a chemical
propulsion and an electric propulsion thruster. On a
system level, the main advantages of this
propulsion architecture are its versatility and
adaptability to a large variety of mission
requirements, as any possible combination of the
diagram in Figure 1 can be adopted depending on
the user’s needs.

This modularity covers a wide trade-space ahead of
the benefits of the combined propulsion system. For
example, the fuel cell within the RFC can be used to
generate power when it is needed by the system.
This device effectively works like an electrolyser but
in reverse operation: H2 + % Oz -> H20 + Energy
(Discharge Mode). By designing an intelligent
system, the RFC replaces the role of traditional
batteries, splitting water into hydrogen and oxygen
when excess energy is available, and generating
power through recombination when it is required.
Several ESA studies suggest that these systems
can reduce the mass of the energy storage system
by a factor of 4 over traditional batteries [31, 32]. By
combining such a RFC system with the proposed
multi-mode propulsion system, it is possible to



optimize the systems’ efficiency and develop the
first generation of unified water spacecraft
architectures.

When describing this concept of a multi-functional
water propulsion system, it emphasizes the
necessity of making a proof-of-concept in a small
satellite mission. However, of equal importance is to
evaluate the long-term goals of this proposition to
be implemented in large scale systems. Eventual
maturity of this technology would allow its adoption
into manned spaceflight, sharing hardware with the
water systems already used for human life support.
From CubeSat [20] to SmallSat [33] and future very
large systems [34], EP and CP technologies can be
adapted to a wide spectrum of mission needs using
water electrolysis propulsion. Considering the role
of this concept in both immediate and future
applications, makes development of this technology
highly attractive to potential adaptors. This is critical
for a realistic implementation, and will help in the
design of a modular, scalable system in the future
years. As seen in Figure 1, the synergies between
a multi-mode architecture and other subsystems are
numerous, for example:

» A water fluid-loop system can be set up around the
spacecraft. In space, these systems rely on a set of
vanes and screens which move the liquid by
capillarity effects while filtering out bubbles [35]. By
placing this system around the desired components,
a powerful and low mass thermal management
solution can be enabled.

 Similar systems have been proposed for inertia
distribution, by moving water as a method of
stabilizing the inertia tensor of the system which will
allow pure rotation, disturbance dissipation and
more powerful AOCS. This technology is currently
set to be tested in microgravity conditions by
Novespace in the European Space Agency - Fly
Your Thesis! 2021 programme [36].

+ The performance optimization of electric
propulsion devices operating on the products of
water electrolysis was investigated. Preliminary
results show that a radio frequency (RF) excitation
of these thrusters in the MHz frequency are capable
of increasing total system efficiency by more than
20%. Conveniently, this frequency range coincides
with that used in communication payloads of many
spacecraft, which leads to a radical innovation of the
satellite architecture: a water fuelled multi-mode
chemical electric propulsion system augmented by
the RF generator within the communications
subsystem.

» The presence of a life support system for human
habitability will eventually be necessary for future
interplanetary space missions, where water is
required for life support and radiation shielding.
Starting the transition now to water in space
propulsion will accelerate the presence of manned
missions.

Table 3 United Nations Sustainability Development Goals (SDGs) addressed with the proposed concept

Water muti-functionality contribution

Water is cheap, which reduces the total cost
of the mission, opening new horizons for small
stakeholders willing to contribute to the space
science and economy. A water spacecraft
architecture reduces the cost of the mission,
easing global space accessibility.

Water propulsion is an emerging technology,
and the multi-functionality approach of water
in space is a novel concept with advantages
at subsystem and system level.

Water production does not compromise the
environment, being reusable in Earth for
testing purposes. It is abundant in the Solar
System, which can be useful for ISRU, helping
to develop a responsible propellant utilization.

SDG Topic Current technology situation

Number

7 Affordable Xenon prices have skyrocketed in
and recent years, reaching several
Clean Energy | thousands of euros per kg [37]. This

price is also volatile as it strongly
depends on its use of other
applications such as medicine [38].

9 Industry Polluting EP and CP propellants are
Innovation still used nowadays, without a clear
and substitution which can better respect
Infrastructure | the environment [39].

12 Responsible | The production of xenon for space
Consumption | propulsion is not sustainable, as
and the demand of EP systems has
Production exponentially increased during the

last decades. Xenon content in the
air equates to 87 parts per billion,
with a very slow regeneration rate
[38].

13 Climate The environmental carbon footprint

Action of xenon jeopardises the
environment (Table 1). Hydrazine is
toxic, and its release during ground
tests contribute to green-house
effects [5].

Water does not have an environmental carbon
footprint associated to, and its use in
development, storage and testing does not
affect the environment.
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Figure 2 Water Propulsion RoadMap: 2021 -> 2031

4. LINK TO THE UNITED NATIONS
SUSTAINABLE DEVELOPMENT GOALS
(SDGs)

The adoption of water as a propellant for a multi-
mode chemical-electrical propulsion  system
improves performance while reducing the impact on
the environment. This means that the development
of this technology directly aligns with several of the
United Nations SDGs, see Table 3. In comparison
to state-of-the-art propellant production, water
production does not cost the environment and its
implementation in current spacecraft architectures
show equal competitive and environmental benefits.
Table 3 shows in detail how the concept of a water
electrolysis propulsion system tackles the most
relevant UN SDGs in comparison with state-of-the-
art technologies. The explosive growth of the space
sector is analogous to the widespread adoption of
the automobile market back in the early 20" century,
where the protection of the Earth was not taken as
a primary concern [40]. The result of a non-
sustainable market implementation can be seen
today, where a flawed system struggles to reinvent
itself for the good of the environment. By investing
in water propelled systems and a sustainable
spacecraft development, an environmentally
friendly propulsion market can be developed which
future generations can benefit from.

5. ROADMAP TO WATER IN SPACECRAFT
ARCHITECTURE

A roadmap to validate water as a multi-mode
chemical-electric  propulsion  architecture is
presented in Figure 2. It shows an optimistic though
achievable timeline of a technology demonstration
mission by 2031 where this combined propulsion
system is used in a Low Earth Orbit (LEO) mission.
This scenario is chosen because of its relative

simplicity and low cost compared to more complex
missions, together with this being a very popular
market which is currently being heavily
commercialised by less sustainable alternatives.

The core components required to demonstrate this
technology have recently proven their feasibility,
presenting an attractive opportunity to commercially
develop and validate this emerging technology [15,
24, 25, 41]. The most recent mission was capable
of in-orbit validation of the electrolyser device,
onboard of the HYDROS propulsion system.
Although this mission is still ongoing, the preliminary
results already show the viability of using an
electrolyser for small satellites (3 CubeSat units for
this particular mission [41]).

A desirable outcome of this first in-orbit
demonstration is the beginning of a series of more
challenging scientific and commercial missions,
such as interplanetary missions, or an ISRU or
manned mission. If so, the complete potential of a
water multi-functionality spacecraft architecture can
be exploited, generating the standard of the new
generation of space vehicles. Although it is hard to
predict these future missions, it is reasonable to
think that, with enough international collaboration,
the presented roadmap (Figure 2) can be followed
up by more advanced manned missions by the
2040-2050s.

6. ANALYSIS OF STRENGTHS,
WEAKNESSES, OPPORTUNITIES AND
THREATS

The strengths, weaknesses, opportunities and
threats (SWOT) that a water electrolysis-based
propulsion system presents are assessed. It is
analysed how internal and external factors may be



helpful or harmful to a spacecraft with a multi-mode
chemical-electrical water propulsion system. The
SWOT analysis is graphically summarised in Table
5.

6.1.Strengths

One of the strongest driving forces for a multi-mode
chemical-electrical water propulsion system is the
ability to offer a more sustainable alternative to
traditional hydrazine and xenon propellants. When
switching to water as a propellant, less hydrazine
and xenon needs to be manufactured which
drastically drops the environmental impact of the
spacecraft. Moreover, enabling multi-mode
chemical-electrical propulsion unlocks a new class
of trajectories not possible with either subsystem
alone.

redundancies to eliminate single point failure
modes.

Moreover, the catalyst coated membranes required
for electrolyser production depend on precious
Platinum Group Metals (PGMSs) such as platinum,
ruthenium and iridium [42]. These metals are
already very rare, and their price is expected to
increase as investment in electrolysers for green
hydrogen production increases [42]. However, it is
important to note that the quantity of PGMs required
to build even a high-power space electrolyser, is on
the order of grams. This cost is offset by no longer
needing to purchase tens if not hundreds of
kilograms of xenon or hydrazine. Xenon prices are
highly volatile and increased by a factor of ten in
less than eight years, to now costing upwards of

Table 4 SWOT matrix summarizing the strengths, weaknesses, opportunities and threats one should consider
when implementing a multi-mode water electrolysis propulsion system.

Helpful Harmful
STRENGTHS WEAKNESSES

c
j§> » Reduction of carbon footprint. * Higher system complexity and single points of failure.
O | * No dependence on toxic » Possible reliance on other raw material.
C_CU chemicals. * Low thrust efficiency compared to xenon.
5 | * Multimodal propulsion capabilities.
£ | * Lower overall system mass.

» System is highly modular.
c OPPORTUNITIES THREATS
@ * Future ISRU potential. * Not considering the environmental impact of today’s
O | « Hyper flexible multi-modal missions. space propulsion technologies (xenon, hydrazine)
3 |. . )
g N ErEl)s i Remen Eries Vel |8 Propulsion technology developed towards short-term
2 applicability and revenue share rather than a sustainable
w and environmentally-friendly long-term vision

Replacing traditional batteries with regenerative fuel
cells has been shown to reduce system mass
greatly [32]. Synergies can be achieved by combing
the electrolyser with a fuel cell system, such that
hardware is shared between propulsion and energy
storage subsystems and overall system mass is
reduced. Although the greatest benefits arise when
two propulsion systems and energy storage
systems are combined, the systems themselves
can be tested and qualified independently, opening
up the potential for a range of different modular
technologies.

6.2.Weaknesses

The more subsystems that are added to the unified
water architecture (e.g., propulsion systems, energy
storage systems, thermal management systems)
the more vulnerable the system becomes to a single
point of failure. This means that a highly unified
system such as this must be designed with several

3000 euros per kilogram [37]. This volatility is in part
due to the very small volumes of xenon produced
each year. The rate of this production cannot simply
be increased with demand, due to being bottle-
necked by the number of air separation units
producing PKC [6].

This means that the utilization of xenon in other
industries such as medicine [38] can have a huge
impact on cost. Such volatility is not foreseen in the
PGM market, where an increase in demand is met
with an increase in supply [42]. Finally, although the
specific impulse of the WET-HET has been shown
to be comparable to the state-of-the-art xenon
systems, the thrust efficiency is considerably lower
[20]. It is import to note that the WET-HET is the
very first thruster to operate on this propellant, so it
is not reasonable for it to already compete with a
technology that is several decades old. Current
efforts are underway to improve performance using
radio frequency excitation and exotic magnetic



topologies.

6.3. Opportunities

Water has long been identified as one of the most
suitable minerals for ISRU, due to it being both a
precursor for chemical propellants and a necessity
for life. Water is found ubiquitously throughout
space: on the Moon, on Mars and on many
asteroids. Space mining of water is already at a
surprisingly high TRL, meaning that a water
propulsion system will be well suited to refuel in
space in the future [43]. As discussed previously the
ability for a propulsion system to utilize water as
both an electrical and a chemical propulsion system
provides unmatched flexibility to spacecraft
providers, even after launch. Being able to choose
between such drastically different propulsion
systems mid-flight will allow new multi-adaptable
mission profiles.

Finally, water propulsion is currently gaining much
international attention. Tethers Unlimited has
recently demonstrated the viability of water
electrolysis for chemical propulsion [41]. Japanese
researchers have also demonstrated both water-
gridded ion engines and water magneto plasma
dynamic electric propulsion systems [44, 45]. Given
the timing of the technology development, a
sustainable development mindset is primordial for
an environmental protection of the Earth.

6.4. Threats

The motivation for finding hydrazine replacements
has been driven by the regulation on Registration,
Evaluation, Authorisation and Restriction of
Chemicals (REACH). No such regulation yet exists
for xenon production. As mentioned previously, the
production of xenon requires an enormous amount
of energy, and therefore produces a very large
carbon footprint. This fact is overlooked by many
key electric propulsion players, which do not appear
to consider the environmental trade-off significant
motivation to adopt alternative propellants.

7. CONCLUSIONS

The concept of a multi-mode chemical-electrical
propulsion system which utilizes water as a
propellant is presented. Synergies are described
where water and hardware are shared by multiple
subsystems to decrease overall system mass. A
hybrid system which combines a chemical
propulsion system for fast high thrust orbit changes
and a high propellant efficiency electrical propulsion
system for high specific impulse manoeuvers is
detailed that can be fully propelled using water.
Given the environmental impact of current
propellants such as hydrazine and xenon, and the

exponential increase in the number of propulsion
systems being launched, water stands out as a
highly competitive propellant replacement which
brings both technological and environmental
benefits. In the short-term, a Jupiter's moon lo
mission where this technology could be
implemented is conceptualized. In the long run,
these first series of in-orbit demonstration and
scientific missions will be followed up by manned
missions. In those, the presence of water on-board
of the spacecraft is essential, and this propulsion
system could benefit from these synergies coming
from the life support system of astronauts.
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