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Abstract

This thesis explores the critical role of In-Situ Resource Utilisation (ISRU) in space exploration, par-
ticularly its impact on mission architecture and carbon emissions. The research provides an extensive
analysis of space resources, propulsion technologies, ISRU methodologies, and their integration into
future mission designs. By examining the challenges posed by overcoming gravity wells, the study
highlights how ISRU can significantly reduce launch mass, costs, and emissions by decreasing depen-
dence on Earth-based supply chains. The strategic importance of ISRU becomes apparent in the
context of long-term human presence on the Moon and Mars, where it enables the production of
oxygen, water, and fuel directly on celestial bodies.

A key focus of the study is the energy-intensive nature of space travel due to Earth’s gravitational
pull, which requires a velocity change of approximately 9.8 km/s to reach Low Earth Orbit. Any
material sourced from outside Earth’s gravity well reduces launch mass and overall mission cost. This
consideration makes ISRU a potential game-changer by providing essential resources such as oxygen
and fuel through processes like molten salt electrolysis of lunar regolith and the conversion of Mar-
tian atmospheric CO2 into breathable oxygen, as demonstrated by NASA’s MOXIE experiment. The
research also explores asteroid mining as a means of extracting water and metals for in-space manu-
facturing, further enhancing ISRU’s relevance.

The study examines various space propulsion methods, including chemical, electric, nuclear, and solar
sail technologies, and evaluates how ISRU can enhance mission efficiency. The potential of electric
propulsion combined with ISRU-derived fuels presents a promising avenue for sustained deep-space
transport. Additionally, the research quantifies CO2 emissions from different space missions, compar-
ing traditional architectures with ISRU-enabled alternatives. By developing a ∆v roadmap, the study
systematically analyses emissions at different mission stages and considers how ISRU could mitigate
these environmental impacts.

A significant portion of the thesis is dedicated to assessing the ISRU implications for mission models
adopted by SpaceX and Blue Origin. The SpaceX model evaluates Starship’s fuel requirements and
investigates the feasibility of refuelling with ISRU-derived liquid oxygen in Low Lunar Orbit, reducing
dependency on Earth-supplied fuel. The Blue Origin model considers the role of New Glenn and BE-7
engines in a broader cislunar transport system. Both models demonstrate that integrating ISRU into
mission architecture could substantially decrease carbon emissions by reducing the need for Earth-
based fuel production.

The study also explores mission architecture and logistics, particularly the influence of ISRU on the
design, mass, and refuelling cycles of lunar surface shuttles and Mars-bound missions. Various plant
sizing calculations are conducted to estimate ISRU efficiency and determine feasibility for surface oper-
ations on the Moon and Mars. The findings suggest that ISRU is a crucial enabler for sustainable space
exploration, allowing for greater mission flexibility and long-term resource independence. However,
technology gaps remain in areas such as automation, power generation, and resource characterization,
which must be addressed before ISRU can be fully integrated into space missions.
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1 INTRODUCTION

1 Introduction

Space travel is famously difficult; between the hostile environmental conditions, the technological
complexity of launch vehicles, and Earth’s unwavering desire to keep everything from leaving its
surface, there is no scarcity of situations in which a mission can be brought to an end. One of the
most problematic challenges to overcome is the large gravitational pull of the Earth, which results in
a large addition of energy needed to reach the velocity required for a stable orbit. Depending on the
altitude of the desired orbit and the ascent profile used by the launch vehicle, this acceleration (∆v)
is around 8 km.s-1 plus 1.5 - 1.8 km.s-1 to account for atmospheric and gravity drag on the vehicle,
giving a total ∆v to low earth orbit (LEO) of around 9.8 km.s-1.

1.1 The Rocket Equation

Consider the Tsiolkovsky rocket equation (Equation 1), where mw indicates the vehicle wet mass - as
it is prior to a manoeuvre with both its dry mass and any propellant that will subsequently be burnt
- and where md indicates the vehicle dry mass - composed of everything except the fuel about to be
burnt. Additionally, Isp is the specific impulse of the propulsion system being used, and g0 is the
gravitational constant.

mw = md · e
∆v

Isp·g0 (1)

The derivation of this equation, although not trivial, is a simple exercise in calculus built on the
principle of momentum exchange, and will not be covered here. The key takeaway is that any particular
combination of propulsion system and desired ∆v results in a certain scale factor > 1, which represents
the ratio of the starting mass to final mass of the vehicle. From here, we can also explicitly express
the propellant mass required as

mprop = md ·

(

e
∆v

Isp·g0 − 1
)

(2)

It should be clear here that any increase in ∆v results in an exponential increase of the required
propellant mass. As an indicative example consider a destination in low Earth orbit (LEO). From
the Earth’s surface a fully loaded SpaceX Starship (100 tonnes dry mass + 250 tonnes payload in
its expendable configuration) requires more than 5.2 million kg of propellant to reach its destination.
However, from the Lunar surface, where only 5.9 km.s-1 of ∆v is neccesary to reach LEO, only 1.4
million kg of propellant is required. This difference highlights the energy cost of launching from Earth
compared to difference celestial bodies, and it becomes apparent that anything we can source from
outside Earth’s gravity well (and thus does not need to overcome the 9.8 km.s-1 of ∆v) represents
a significant propellant saving. In turn this results in cheaper, smaller rockets that produce less
emissions.

1.2 In-Situ Resource Utilisation (ISRU)

In-situ resource utilisation (ISRU) is the practice of sourcing and converting local extraterrestrial ma-
terials into the consumables and commodities that a mission would otherwise have to launch from
Earth. The rationale is simple but far-reaching: every kilogram of oxygen, water, propellant, or
structural material produced off-world avoids the exponential launch-mass penalty described in sub-
section 1.1, unlocking leaner architectures and, ultimately, longer and more ambitious human stays
beyond LEO.

For near-term Lunar and Martian scenarios the most valuable indigenous resources are oxidised min-
erals that can be electrolysed to release oxygen, water ice or hydrated regolith that can be cracked into
life-support water and hydrogen/oxygen propellants, and silicate- and metal-bearing soils that can be
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1 INTRODUCTION

refined into construction feedstocks. By turning these in situ reservoirs into breathable air, fuel, and
building materials, ISRU promises to shorten Earth-bound supply chains, curb mission-stage CO2

emissions, and enable surface infrastructures that would be impractical to deliver via launch vehicles.

The concept, first proposed in Apollo-era studies, is now moving from laboratory proof of principle
to prototype hardware. Section 4 surveys the present state of the art from molten-salt electrolysis of
lunar regolith and Mars-atmosphere oxygen generation to water-ice mining techniques, while Part II
quantifies how these technologies reshape mission mass flows and carbon footprints. Throughout the
thesis we return to ISRU as both a technological driver and a design variable; here, it suffices to
recognise it as the cornerstone on which sustainable human activity in cislunar space and beyond will
be built.

As an indicative example to set the stage for the deeper analysis to come, consider an ascent from the
lunar surface to low lunar orbit (LLO)1. This requires approximately 1.8 km.s−1 of ∆V , meaning that
each kilo lifted to orbit requires half a kilo of propellant. The real penalty here is not the half kilo on
ascent, but in the logistics chain required to bring that half kilo to the lunar surface to begin with. If
supplied from Earth, the approximately 16 km.s−1 of ∆V means that around 18 kilos of propellant
are required to deliver that same half kilo to where it is needed - the gear ratio is approximately 1:36,
even before we account for safety margins or additional structural mass neccesary to facilitate such a
delivery. It is easy to see how it quickly becomes favourable to have an in-situ production capability
when sustained extraterrestrial operations are desired. The cost break-even may come later, especially
considering the required research and technology readiness level (TRL) raising efforts, but from a mass
balance perspective, break-even can easily be reached within a single mission cycle.

1Ranging from approximately 100 to 200 km orbital altitude.
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2 SPACE EXPLORATION TECHNOLOGIES

Part I

Space

2 Space Exploration Technologies

Space exploration is a melting pot of technological disciplines, five of which can be augmented by
space resources, and thus merit a discussion in the context of this work. These five - propulsion, life
support, power generation and storage, construction, and robotics - are discussed below. Others not
covered, but undoubtedly crucial to space exploration, include communication systems and navigation
and control systems.

2.1 Propulsion

The field of propulsion in space is vast, with the most common being chemical and electric propulsion.
New technologies include solar sails, nuclear thermal rockets, and nuclear electric propulsion, and
although promising, lack flight-readiness. Within the context of this work, we focus first on the legacy
technologies within the context of carbon emissions and mission design for ISRU, and then consider
near-future technologies within the context of an ISRU system sizing. Here we provide a brief overview
of each technology, including how it works, its advantages/disadvantages, and its maturity in the
context of space exploration. At the most general level, all propulsion systems work on the exchange
of momentum between the vehicle and a propellant2. For this to occur, systems require both the
propellant itself, and an energetic source to produce the momentum that is then exchanged.

2.1.1 Chemical Propulsion

Chemical propulsion is the oldest of the four main propulsion categories, with solid propellant rockets
dating back to ancient Chinese gunpowder rockets in the 13th century. All forms of chemical propul-
sion operate with some form of fuel and oxidiser, although the form factor and combinations greatly
differ from one type to another. For example, solid rocket propellant is often a homogenised mixture of
both in a pre-determined ratio, whereas liquid rockets store both in separate tanks and only combine
them at the moment of combustion3. Before proceeding, it is important to clarify that propellant is
the combination of both fuel and oxidiser neccesary to produce thrust.

Solid propellant is significantly easier to integrate into a rocket when compared to liquid chemical
propulsion. It requires no pumps, tanks, or valves, and once ignited, the rocket burns until the fuel is
exhausted. The lack of moving parts, and relative stability of the propellant mean solid rockets are
cheaper, easier to manufacture, and generally more reliable than their liquid counterparts. However,
the very things that led to its early adoption can be limitations when the application becomes more
technical. The simplicity of solid rockets means they cannot be throttled, shut down, or restarted once
ignited4. In many use cases this in not necessarily a problem, especially when you have something like
a sounding rocket, who’s goal is just to get to space for a short period of time. However, when the
goal becomes more technical, such at entering orbit, a greater level of thrust control is required.

2Solar sails too, although the “propellant” in this case exchanging momentum with the vehicle is numerous photons.
3There are also forms of liquid propulsion with homogenised propellant mixtures, such as mono-propellant rockets

that generate thrust by decomposing a single chemical propellant, releasing energy without the need for a separate
oxidiser or additional fuel.

4Advanced solid rocket designs may actually be throttled through the use of jet deflection vanes and extinguished
through the use of vent ports, but this added complexity is rarely justified in the use-case.

Page 12 of 86



2 SPACE EXPLORATION TECHNOLOGIES

The first liquid chemical rocket was launched by Goddard in 1926, using a combination of LOX and
gasoline. Not only are the oxidiser and the fuel used in this propellant configuration more energeti-
cally dense, but their liquid form factor allows the throttle to be controlled via the flow rate, and also
allows for the engine to be shut off and restarted as required. Furthermore, combinations of fuel and
oxidiser that spontaneously combust when combined (hypergolic propellants) allow for a theoretically
unlimited number of restarts without significantly increasing engine complexity. This increased control
on combustion conditions also allows for a more optimised engine design that would not be possible
with solid propellant. Combined with the generally higher specific energy of liquid propellants, liquid
rocket propulsion is a more efficient and controllable alternative to solid propulsion, albeit at a higher
complexity and cost.

With both solid and liquid chemical propulsion, both the reactive energy and the reactive mass
required to produce thrust come from the propellant itself. Whilst useful, we will see that other
forms of propulsion do not necessarily rely on the propellant itself for both the energetic and massive
requirements of a propulsion systems.

2.1.2 Electric Propulsion

Above all else, the key difference between electric and chemical propulsion is that the onboard pro-
pellant only represents the mass requirements of the propulsion system, with the required energy for
producing thrust coming from an external source. In the majority of cases this is either a set of solar
arrays, or an onboard radioisotope thermoelectric generator (RTG). Using this electrical energy to
accelerate propellant to very high speeds, thrust is generated more efficiently than traditional chem-
ical rockets. Common types of electric propulsion, like ion thrusters and Hall-effect thrusters, expel
ions or plasma to produce continuous, low-thrust acceleration, ideal for long-duration missions and
deep-space exploration. Historically, propellants have been limited to noble gases such as krypton and
xenon, due to their relatively low ionisation energy and relatively high atomic mass, combined with
their non-reactive nature that helps prolong the service life of the electric engine.

By using an external source of energy to accelerate the propellant, vehicles using electric propulsion
can be made lighter and can use their onboard propellant more efficiently, enabling longer duration
space missions. This efficiency, which is general an order of magnitude higher than chemical rockets,
comes at the cost of a much lower thrust. Consequently, electric propulsion is unsuitable for applica-
tions requiring high instantaneous thrust or rapid acceleration, such as at launch. However, electric
propulsion, combined with effective mission and manoeuvre planning remains an effective choice for
long-duration missions or non time-critical operations. It also remains a very suitable choice for
continuous low-thrust applications such as station-keeping at Lagrange points5.

2.1.3 Nuclear Propulsion

Nuclear thermal propulsion is a form of chemical propulsion, where a nuclear reactor produces the heat
neccesary to expand, and thus accelerate, the propellant through a rocket nozzle and produce thrust.
Like electric propulsion, in this configuration the energetic requirement of the propulsion system does
not come from the propellant itself, but from an external, non-consumable source6. This allows nu-
clear thermal propulsion to have a higher efficiency than traditional bi-propellant liquid propulsion,
whilst not suffering from the low-thrust of electric propulsion systems.

5Foreshadowing the logistics of in-space propellant depots.
6Also technically a consumable, but for practical purposes is not depleted during the vehicle’s operational lifespan.
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2 SPACE EXPLORATION TECHNOLOGIES

Nuclear electric propulsion uses a nuclear reactor to produce the neccesary electrical power for an
electric propulsion system. Not only does this allow for greater electrical power, but also removes
the dependency on solar radiation, and thus deals with the problem of reduced power generation of
solar arrays on deep space missions. This form of electric propulsion is therefore a suitable option for
near-future electric propulsion systems, and also allow for the implementation of electric propulsion
systems on heavier transport vehicles that require more significant levels of thrust.

2.1.4 Propulsion via radiative pressure

Radiative pressure propulsion systems, namely solar sails or light sails, take advantage of the pressure
exerted by photons on the body of a vehicle. In most cases this force is negligible compared to the
thrust of the propulsion system, however when the exposed area is greatly increased, the force pro-
duced may be significant. In the case of solar sails, the solar radiative pressure is exploited through
the use of large sails on the vehicle in order to produce a small, but constant and non-negligible
thrust. Similarly, light sails use the same principle but instead of solar pressure, use a ground-based
high-powered laser as the source of photons.

The lack of onboard propellant mass, and the continuous thrust, mean that this propulsion system is a
suitable choice for long-duration non time-sensitive missions. Furthermore, controlling and navigating
with sails can be complex due to their reliance on external light sources, and solar sails become
less effective as they move farther from the Sun where photon pressure diminishes. For light sails
dependent on ground-based lasers, the need for powerful, accurate laser infrastructure adds significant
complexity and expense.

2.2 Life Support

Life-support, also called Environmental Control and Life-Support Systems (ECLSS), is the collection of
hardware that provides crews with breathable oxygen, potable water, pressure, thermal regulation, and
waste management. Without it, astronauts would survive only minutes once separated from Earth’s
biosphere. ISRU can transform this indispensable and logistically heavy subsystem into a largely
self-sustaining one. On the Moon, molten-regolith and molten-salt electrolysis routes demonstrated in
subsubsection 4.1.1 can liberate oxygen from common silicates, turning the very soil into an on-demand
air source and eliminating many tonnes of Earth-launched oxygen per mission [1]. Where polar ice or
hydrated soils are present, excavation followed by thermal extraction and water electrolysis closes both
the water and oxygen loops (described in more detail in subsubsection 4.1.2 and 4.2.2) [2]. Mars has
already field-tested an atmospheric pathway: the MOXIE (refer to subsubsection 3.4.3) stack splits
carbon dioxide into oxygen, proving that future habitats can refill tanks and EVA suits directly from
the ambient air, which coupled with the capture of buffer gases such as nitrogen and argon from the
same atmosphere, could relieve the supply chain, extend mission duration, and lay the technological
foundation for closed-loop life-support ecosystems on other worlds.

2.3 Power Generation and Storage

Power generation, like propulsion, can be split into a clearly defined set of legacy technologies and
near-future technologies. Legacy tech includes solar arrays, batteries, and RTG’s; the methods that
have been used since the start of the space age to reliably provide electrical power to spacecraft.
They are often on the cutting edge of their respective technological fields, with the developments and
advances eventually being applied to terrestrial versions of the same tech. Two key examples of this
occurring within the field of solar cells are the the activities of Spectrolab and DARPA.

Page 14 of 86



2 SPACE EXPLORATION TECHNOLOGIES

Spectrolab, a Boeing subsidiary, began developing high-efficiency solar cells in the 1950’s, and since
then has supplied the cells for a multitude of satellites, including the ISS’s roll-out solar arrays.
[3]. Their development of multi-junction solar cells, capable of exceeding 40% efficiency, has been
a game-changer, with these high-efficiency cells providing more power from smaller, lighter panels
[4]. Likewise, the Very High Efficiency Solar Cell (VHESC) initiative funded by DARPA to develop
ultra-high-efficiency, lightweight solar cells for military and space applications resulted in technolog-
ical advancements such as new materials and cell designs, which transitioned into civilian markets,
enhancing the efficiency and reducing the cost of terrestrial solar panels [5, 6, 7].

Within the context of ISRU on the lunar surface and ISRU in service of lunar resource extraction, tech-
nologies such as concentrated solar power and thermal energy storage (TES) are particularly promising
as any lunar-based ISRU system (except those in peaks of eternal light (PEL’s)) will be required to
survive the night. Already a mature technology in terrestrial applications, both concentrated thermal
power and thermal energy storage could be adapted relatively easily for use on the lunar surface. In
combination with the lunar resources available, these technologies could provide a means to continue
ISRU operations throughout the 14-day lunar night, and avoid the plant downtime that would oth-
erwise occur. Not only is regolith abundant on the lunar surface, but its melting point ranging from
1373 K to 1653 K makes it suitable for efficiently storing high-temperature thermal energy [8, 9]. The
ability of a TES system to provide continuous power throughout the night is key in allowing the con-
tinued and sustained operation of a lunar base without the reliance on a periodic supply such as solar,
or a potentially dangerous source such as nuclear [10, 11]. Lunar regolith does, however, present a key
problem on account of its highly abrasive nature. The need for robust high-temperature containment
systems as part of a lunar regolith TES system necessitates the development of new materials capable
of enduring abrasion, thermal cycling, and corrosion [12].

2.4 Construction

Human-rated habitats, landing pads, and radiation shielding weigh far more than any rocket can
practically haul from Earth, so long-duration exploration will only scale once construction materials
are manufactured on-site [13, 14]. ISRU closes that gap by turning local resources (regolith and atmo-
sphere) into bricks, binders, metals, and composites, which moves structural mass from Earth to the
planetary surface itself. The simplest pathway is to dig, heat, and fuse. Lunar and Martian simulants
have been microwaved to 1100 Celsius in minutes, sintering them into ceramic tiles with compressive
strengths of 50–120 MPa [15]. This is adequate for landing-pad pavers and radiation berms. Laser
or electron beam powder-bed fusion pushes that concept toward full additive manufacturing of vaults
and arches.

Parallel work on extrusion-based regolith concrete demonstrates segments printed in vacuum chambers,
validating autonomous layer deposition and shrinkage control under lunar thermal cycling. Binder-
based routes offer lower processing temperatures: sulfur, for example, exists in both lunar pyroclastic
deposits and Martian regolith, can melt at 115 Celsius, and reacts with dust to form a dense, recy-
clable sulfur concrete whose strength rivals that of terrestrial Portland cement [16]. Alternatively,
alkaline activation of aluminosilicate fines yields geopolymer mortars. A 2025 study printed zig-zag
geopolymers from lunar simulant, achieving 35 MPa strengths while embedding voids that double as
thermal-insulation layers [17]. Both approaches minimise energy demand, making them attractive for
early surface infrastructure that must bootstrap itself from kilowatt-class power plants.

For lighter, radiation-damping shells, basalt fibres drawn from regolith glass can reinforce sulfur
or geopolymer matrices. Mechanical testing of such fibre composites reports 2-3x gains in flexural
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strength over plain regolith concrete, enabling thinner shells and lower excavation volumes [18]. In
aggregate these techniques, sintering, binder concretes, and electro-metallurgy form a tiered con-
struction toolkit that scales with available power and mission duration, delivering everything from
emergency berms to pressurised habitats, all whilst feeding excess oxygen and metals into the wider
ISRU economy.
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3 Space Resources

3.1 Implications

The presence, and perhaps more importantly the availability, of resources in locations of interest has
several important implications in mission design, cost, and sustainability.

3.1.1 Water

Water in any form on an extra terrestrial body has far-reaching implication, including but not limited
to those regarding propellant production and life support augmentation.

The progression of our understanding where and how water is located on the moon is better described
in subsection 3.3, but the general trend is that whilst originally assumed to be anhydrous, new remote
sensing results indicate that most of the lunar surface is in fact hydrated, with the majority of water
being contained either in structurally-bound OH- or in H2O absorbed onto the lunar soil grains [19].
Although we now know with a high degree of certainty that there is water on the moon, the uncer-
tainty regarding its abundance, distribution, and form mean that designing a mission around water
as a key lunar resource is still not viable.

From a pure mass perspective, the presence of water most significantly impacts the role that propel-
lant mass plays in current space missions. Even with a substantial number of astronauts on board,
the fraction of water resources dedicated to propellant is at least an order of magnitude larger than
that given towards life support [20]. To reiterate, oxidiser constitutes approximately six sevenths
of the propellant mass for hydrolox propulsion systems and approximately seven ninths of the pro-
pellant mass for methalox propulsion systems. For a fully loaded lunar-launched Starship destined
for LLO, this represents an oxidiser mass of 498 tonnes (refer to Figure 8). In comparison, an as-
tronaut performing a standard mission including exercise uses approximately 0.8 kg of O2 per day [21].

Although a small output in comparison to propellant, the ability to produce, in-situ, this one kilo
per astronaut per day cannot be overstated. It removes reliance on Earth delivery for one of, if not
the, most critical consumable required for humans to survive in space. The presence of water in
space allows for the immediate and scalable production of life-support O2 through proven and reliable
electrolysis [22, 23].

3.1.2 Metals

Metals, including iron, silicon, aluminium, and titanium, are abundant on the lunar surface, asteroids,
and other bodies. The composition of lunar regolith includes significant amounts of silicon dioxide
(SiO2) at an average weight percentage of 44%, alongside elemental silicon (21%), aluminium oxide
(Al2O3) at 19%, and iron oxide (FeO) at 11%. These elements can be harnessed to support the
construction of habitats, spacecraft, and essential infrastructure directly on the Moon or Mars. In
the absence of these local metal resources, such materials would need to be transported from Earth,
imposing significant financial and logistical burdens (refer to Appendix A, Table 28).

The ability to mine and process these metals directly in space can drastically reduce this dependency,
enabling on-site manufacturing of essential structures and tools. This in-situ extraction and utilization
of metals would support the creation of larger and more complex installations, such as lunar bases
or Martian habitats, which would otherwise be limited by the constraints of Earth-based launches.
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For instance, the presence of aluminium provides a potential resource for producing structural com-
ponents for habitats and spacecraft. Similarly, iron and titanium could be used to build tools and
reinforce structures, thus supporting long-term sustainability for human missions. The presence of
metallic resources supports the broader vision of establishing a self-sufficient space economy, where
the infrastructure needed for further exploration can be built using locally available resources [24, 25].

Calcium, an alkaline earth metal, has a key implication when considered in the context of propellant
for near-future electric propulsion systems. Primarily found in the form of plagioclase minerals like
anorthite, if extracted and purified it can be used as a propellant and reduce dependency on earth-
based resupplies. There are, however, some limitations to its integration. Firstly, given its role as a
propellant for electric propulsion systems, it must be delivered to an orbital depot before being used,
which requires use of chemical propellant. Secondly, the extraction and purification of calcium metal
is energy-intensive, and would likely require specialised infrastructure, the cost of which may negate
the benefits.

3.1.3 Volatiles

Volatiles such as carbon dioxide (CO2), methane, and ammonia play a crucial role in sustaining human
activities and supporting various chemical processes in space. CO2, for example, can be processed
to generate breathable oxygen, while methane holds potential as a fuel source. The availability of
volatiles on planetary bodies like the Moon, Mars, and certain asteroids offers significant opportu-
nities for the establishment of in-situ life support systems and fuel production capabilities. Unlike
Earth-based supply logistics, relying on volatiles extracted in space can greatly simplify mission re-
quirements, reduce costs, and enhance the sustainability of space operations. Telescopic spectroscopy
and exploratory missions have shown that volatiles are distributed across different regions of these
celestial bodies, providing valuable information for mission planners. By utilising these in-situ re-
sources, long-duration missions can become more feasible, and the foundation for permanent human
settlements on other planets can be established. This in turn forms an essential step toward building a
sustained human presence beyond Earth, supported by efficient, closed-loop life support systems and
in-situ energy production [26, 27, 28].

The implications of volatiles for mission design are significant when comparing missions that can and
cannot utilise these resources. Missions that are able to make use of local volatiles benefit from greater
flexibility and reduced dependency on Earth-based resupply, which allows for more ambitious mission
profiles and extended durations. For instance, the ability to generate fuel from Martian atmospheric
carbon dioxide means that return missions from Mars can be more economical, as they do not need
to carry all the necessary propellant from Earth. On the other hand, missions that cannot rely on
local volatile resources face greater logistical challenges, as they must carry all necessary life support
and propulsion materials with them, leading to increased launch mass and costs. This limitation can
restrict the scope of exploration activities and make long-term human presence in space much more
challenging. The ability to harness in-situ volatiles, therefore, represents a key enabler for sustainable
and scalable human exploration of the solar system.

3.2 Pre-1969 Methodology

Prior to the 1969 Apollo 11 sample return missions, our understanding of lunar resources, and their
mineral composition, was largely based on a combination of three things; the Earth-Moon similarity
hypothesis, the study of meteorites, and telescopic spectroscopy.

Page 18 of 86



3 SPACE RESOURCES

The Earth-Moon similarity hypothesis is the oldest of the three, and was(is) based on the theory that
both share similar origins, and such they are also composed of primarily the same minerals. The
earliest known instance of this theory is by Darwin7 (1879) who proposed that the Moon was formed
as a result of rapidly spinning Earth, whose outer equatorial mass scummed to centrifugal force and
detached to become a separate orbiting body [29]. Darwin’s theory was challenged in 1964 by Daly,
who agreed with the common origin of the two bodies, but instead proposed an impact as the cause
as opposed to centrifugal forces [30]. Following the Apollo lunar sample returns and the subsequent
mineral composition analysis, these common-origin theories became the the Giant Impact Theory,
that proposes the Moon was formed after a large body, known as Theia, collided with a primordial
Earth, ejecting debris that eventually consolidated and joined to form the Moon.

For a community that lacked the technological capability to collect and return samples from space,
the analysis of meteorites was an essential tool for understanding the mineral composition of space
resources. Multiple publications prior to 1969 explored the chemical compositions of meteorites to
understand their formation and potential as analogues for planetary materials, and confirmed the pres-
ence of metallic and silicate minerals that would go on to inform future discussions on ISRU [31, 32].
In particular, the work done in this period by J.R. Arnold and his colleagues provided key insights
into the specific composition and distributions of these metallic and silicates, and helped create a
knowledge base on which ISRU could grow [33, 34, 35].

The final of the three, telescopic spectroscopy, was another crucial technology that helped build the
knowledge base of extra-terrestrial resources and their mineral composition. Unlike meteorite analysis,
telescopic spectroscopy allowed the community to perform targeted studies of a known region (i.e.
lunar mare or highlands) instead of being constrained to samples of unknown origin. The ability to
directly analyse specific areas, and compare their mineralogical composition (as was done in the case
of suggested Apollo landing sites [36]), proved more accurate and provided a direct understanding of
the Moon’s composition without the need for physical samples - a method whose accuracy has been
validated post-factum with comparison to Apollo samples [37]. Moreover, telescopic spectroscopy
could cover large portions of the lunar surface, offering a regional perspective on resource distribution,
whereas meteorite samples only provided insights into localised samples (if they even were of lunar
origin) [38].

3.3 Past SR-related Missions

There is, in the true sense of ISRU, only one historical example of this technology being used in the
context of a space mission - MOXIE. We describe and discuss this mission shortly, but first let us
cover the role that space resources have played in ISRU-precursor missions. Figure 1 shows a timeline
of MOXIE-precursor missions that helped lay the groundwork for the first true ISRU technology
demonstrator.

3.3.1 Luna Program (1959-1976)

The Soviet LUNA programme conducted three successful sample return missions (Luna 16 in 1970,
Luna 20 in 1972, and Luna 24 in 1976), and demonstrated the technical viability of automated sample
return missions [39, 40]. In the years following, these samples were studied by Soviet and non-soviet
teams alike, and the samples were found to contain a variety of minerals including silicates such as
pyroxenes8 and plagioclase9, which provided early indications that use-cases of lunar materials could

7Sir George Howard Darwin; second son of the perhaps more well-known naturalist and biologist Charles Darwin.
8Often contain iron and magnesium.
9Contains aluminium.
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Figure 1: Timeline of missions related to space resources

extend to construction and manufacturing [41, 42, 43].

3.3.2 Apollo Missions (1969-1972)

The return of 58 samples totalling 21.5 kg during the 1969 Apollo 11 mission represented the first time
in human history that extra-terrestrial materials were brought back to Earth10 for detailed analysis
[44]. The return of these samples was, in and of itself, one of the greatest scientific achievements of
the 20th century, and in the context of ISRU represented the first tangible samples with which to
determine the mineral composition of a key space resource.

The quantity of returned lunar samples increased each Apollo mission, reaching a high of 741 samples
totalling 110.5 kg in the final Apollo 17 mission. Over the course of the programme, the six missions
collected 2196 samples totalling 382 kg. These samples laid the groundwork for understanding lunar
regolith composition and potential resources, particularly the oxygen bound in lunar minerals like
ilmenite, and are still used to this day for studies on ISRU technologies [45].

3.3.3 Lunar Prospector (1998-1999)

As a mission designed to map the Moon’s surface composition and magnetic/gravity fields, with a
specific focus on identifying resources such as water ice and hydrogen, Lunar prospector was destined
from the get-go to play a crucial role in shaping our understanding of space resources. The discovery of
higher-than-expected concentrations of hydrogen at the poles, particularly in permanently shadowed
regions (PSR), suggested the presence of water-ice [46]. As discussed in subsubsection 3.1.1, water-ice
on the Moon has several important implications regarding mission design and ISRU technologies. In
addition to this key discovery, Lunar Prospector’s gamma-ray spectrometer and a neutron spectrome-
ter were used to map the distribution of key elements including iron, titanium, thorium, and potassium
across the surface [47, 48, 49].

3.3.4 SMART-1 (2003-2006)

SMART-1 was Europe’s first mission to the Moon, and had a significant impact on the study of lunar
resources, building on the discoveries of Lunar Prospector in several key areas. The higher resolution

10Extra-terrestrial material has, of course, always made its way to the Earth’s surface in the form of meteorites.
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imaging cameras onboard allowed detailed mapping of the lunar poles, especially the permanently
shadowed regions where water ice might exist [50, 51, 52]. This detailed mapping was augmented
by the mission’s focus on the polar region, allowing it to spend more time analysing areas of key
importance for future ISRU implementation - namely PSR’s and PEL’s [53, 54]. SMART-1’s X-
Ray and Infrared spectrometers also providing a more comprehensive understanding of the Moon’s
mineralogy than Lunar Prospector.

3.3.5 Chandrayaan-1 (2008-2009)

Chandrayaan-1, ISRO’s first lunar mission, made significant contributions to the understanding of
lunar resources. The mission’s Moon Impact Probe detected water molecules on the Moon’s surface,
which was a groundbreaking discovery that transformed how scientists viewed lunar volatiles. The
onboard Moon Mineralogy Mapper (M3) provided spectral data of the lunar surface, and identified
hydroxyl and water signatures near the poles [55, 56].

3.3.6 Hayabusa and Hayabusa 2 (2003-2010, 2014-2020)

JAXA’s Hayabusa mission was the first successful attempt to return samples from an asteroid to Earth.
The mission targeted a sub-kilometre asteroid named Itokawa, and provided invaluable insights into
asteroid composition [57]. The samples returned by Hayabusa revealed a mixture of silicate minerals,
iron, and trace metals; all potential sources of raw materials that could be utilised for construction,
fuel, and life support in space [58]. Its successor, Hayabusa 2 targeted the carbonaceous asteroid
Ryugu, and collected subsurface samples, returning them to Earth in 2020. The analysis of these
samples revealed organic and hydrated compounds, indicating the presence of water bound to the
minerals [59].

Aside from the substantial technological accomplishment of both Hayabusa missions, they demon-
strated how small bodies in the solar system can serve as resource-rich targets, and their potential for
supporting long-term missions beyond Earth.

3.3.7 Mars Exploration Rovers (Spirit and Opportunity, 2004-2018)

NASA’s twin Mars Exploration Rovers (MER) were delivered to Gusev Crater (Spirit) and Meridiani
Planum (Opportunity) in January 2004 to follow the water and reconstruct early Martian environmen-
tal conditions. Spirit encountered basaltic plains overprinted by silica-rich opaline deposits , which
were interpreted as hydrothermal precipitates. This is direct evidence that hot water once interacted
with the crust and could have concentrated economically interesting phases such as silica and sul-
fates. Opportunity spent more than 14 years traversing an ancient hematite-bearing terrain, and it
documented jarosite-rich sulfate sandstones, Fe-Mn nodules and fracture-filling gypsum veins that
unambiguously record groundwater circulation. These minerals constrain Mars’ aqueous history and
provide ground-truth for future ISRU feedstocks (Fe-oxides, sulfates, silica) [60].

By the time dust finally silenced Opportunity in June 2018 the rovers had driven more than 54 km
and returned more than 400 000 images plus in situ Mössbauer, APXS and miniTES measurements
that remain the baseline mineralogical map for Mars surface-resource assessments [61].

3.3.8 OSIRIS-REx (2016-2023)

OSIRIS-REx is NASA’s first asteroid-sample-return mission dedicated to primitive, volatile-rich near-
Earth objects [62]. Launched in September 2016, the spacecraft used an Earth-gravity assist in
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September 2017 to set up its Bennu rendezvous in December 2018, then executed a year-long global-
reconnaissance campaign (PolyCam imaging, OLA/LIDAR and radio science) that produced a 5
cm-resolution shape model and revealed Bennu’s unexpectedly boulder-rich, high-porosity “rubble-
pile” surface [63, 64, 65]. Those surveys (2018–2019) also mapped ubiquitous hydrated phyllosilicates
with embedded water and constrained bulk porosity to 40 wt %, strengthening the case that C-type
NEOs carry easily liberated hydrogen and carbon-bearing materials valuable for in-space propellant
production. A formal landing-site down-select in December 2019 led to rehearsal descents in April
2020 (Checkpoint) and August 2020 (Matchpoint) and, on 20 Oct 2020, a 6-second TAGSAM touch-
and-go that collected 250 g of regolith [66]. The return cruise culminated with the sample return
capsule landing in Utah on 24 Sep 2023. Early laboratory analyses of the returned material are already
detecting soluble organic species and carbonates that inform early-solar-system volatile budgets and
the feedstock quality for asteroid mining [67].

3.4 Current SR-Related Missions

The present decade marks the transition from reconnaissance to practice, as multiple flight programmes
now probe, extract, and even prototype the use of local resources in real time.This section reviews
five current missions whose instruments and technology demonstrators span cislunar, Martian, and
small-body environments, and are laying the operational groundwork for a fully integrated ISRU
economy.

3.4.1 Chang’e Programme (2004-present)

China’s Chang’e architecture has progressed from global-mapping orbiters (Chang’e-1/2) to precision
landers and rovers (Chang’e-3/4) and, most recently, robotic sample return (Chang’e-5 in 2020 and
Chang’e-6 in 2024) [68, 69]. These missions have delivered high-resolution spectral, radar, and in-situ
data for every major lunar province and returned nearly 2 kilos of pristine regolith to terrestrial lab-
oratories.

The programme’s scientific focus is unambiguously resource-oriented; orbital gamma ray spectrome-
ters mapped iron, titanium and potassium bearing basalts; Yutu and Yutu-2 ground penetrating radar
sounded regolith to depths of 100 metres, revealing ice-free basalt flows, buried palaeoregoliths11 and
megaregolith12 structure that control thermal mining economics13 [70, 71]. Chang’e-5 basalts proved
unexpectedly young and volatile-poor, whereas the area mapped by Yutu-2 on the farside contain en-
hanced iron oxide and crystalline plagioclase, both key feedstocks for molten-salt electrolysis oxygen
plants. The upcoming Chang’e-7/8 landers add a multi-spectral drilling station, a water-molecule
analyser and an ISRU test bench aimed at sintering bricks from regolith and extracting volatiles at
the lunar south pole.

Technologically, Chang’e has demonstrated autonomous ascent, orbital rendezvous, and cislunar sample-
return logistics, providing a reusable pathway for bulk cargo from the lunar surface. Together with
mantle-derived farside samples, polar volatile prospecting, and on-board ISRU payloads, the pro-
gramme is laying both the geological knowledge and the flight heritage required for a permanent,
resource-powered research station envisioned in the Chinese-led International Lunar Research Base.

11Palaeoregoliths are ancient regolith layers that were exposed at the lunar surface long enough to accumulate solar-
wind–implanted volatiles and micrometeorite glass, then became entombed beneath later lava flows or ejecta blankets.

12The megaregolith is much thicker than Palaeoregoliths, and is a highly fractured crustal layer created by billions of
years of large impacts; its blocky, void-rich fabric governs how heat propagates through the subsurface.

13The depth, porosity, and thermal conductivity of these buried regolith units determine how efficiently artificial heat
can be delivered to release trapped water or other volatiles, and how much energy is lost to the surrounding rock.
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3.4.2 Mars Science Laboratory (Curiosity, 2011-present)

NASA’s Curiosity rover landed in Gale crater in August 2012 to assess past habitability and to survey
materials that could matter for ISRU. In its first Martian year, Curiosity found clear signs that Gale
once hosted long-lived standing water, specifically a lake system with water that wasn’t strongly acidic
or alkaline. The rocks record fine muds that formed in that water and layered soils showing chemical
energy gradients that life could have used in the past.

For ISRU-relevant sensing, Curiosity’s Dynamic Albedo of Neutrons14 (DAN) instrument counts neu-
trons to map near-surface hydrogen, revealing metre-scale patches with up to 6 wt% water-equivalent
content in both mudstones and sands—i.e., materials that either hold water in their structure or are
mixed with hydrated salts. CheMin, a mini X-ray lab on the rover, identifies mineral types and their
abundance, flagging those that lock in water or oxygen-bearing compounds and could be processed
to release oxygen or support metal production. The SAM ovens and mass spectrometers have heated
samples and detected simple organic molecules and sulphur-bearing gases, indicating accessible carbon
and sulphur that could feed future bioregenerative life-support loops.

For ISRU mission planners the take-away is two-fold. First, Gale’s mineral-fertile sediments demon-
strate that mid-latitude basins harbour both structural water and redox-active phases suitable for
oxygen extraction and metal production. Second, DAN’s centimetre-deep hydrogen maps provide the
first calibration set for orbital neutron detectors, improving resource prediction at scales relevant to
landing-site certification and propellant-plant siting .

3.4.3 Mars 2020 (Perseverance) & MOXIE

Landing in Jezero crater on 18 February 2021, Perseverance carries a payload expressly geared toward
resource prospection. The onbobard instruments are PIXL micro-XRF for trace metals, SHERLOC
deep-UV Raman for organics, RIMFAX ground-penetrating radar for ice lenses, and the first flight
ISRU experiment MOXIE. Orbital and rover observations show the crater floor is an olivine-cumulate
intruded by aqueously altered igneous rocks; an inventory of carbon, hydrogen and oxygen bearing
minerals all highly attractive for propellant and construction feedstocks [72, 73, 74, 75, 76].

MOXIE is a 15 kilo, toaster-sized experiment inside the Perseverance rover that turns the Martian
atmosphere into oxygen. It draws ambient carbon dioxide through a HEPA filter and scroll compres-
sor, pressurises it to around 1 bar, and then heats the gas to around 800 Celsius before feeding it into
a solid-oxide electrolysis (SOXE) stack made of yttria-stabilised-zirconia. Under an applied voltage,
the ceramic conducts O2- ions from the cathode (where carbon dioxide is split) to the anode, where
pairs of ions recombine to form oxygen gas and the by-product carbon monoxide is exhausted back
to the atmosphere. MOXIE’s channels, heaters, and sensors are all governed by a feedback controller
designed to hold the temperature and current density within a narrow limit while keeping power be-
low its 300 watt allocation, demonstrating that compact and regenerable electrolysis can survive the
Martian diurnal cycle [77, 78, 79].

Since landing, MOXIE has been activated 16 times, covering day and night time operations, four
Martian seasons, and a range of atmospheric pressures. During those runs it produced a cumulative
122 grams of more than 98% pure oxygen, peaking at 12 grams per hour (double its design require-
ment) with stable voltage and minimal cell degradation. An 18 month performance review reports

14This spectroscope works by firing neutrons into the ground and measuring the returning albedo neutrons to map
near-surface hydrogen that represents water-equivalent content in roughly the top 50–60 cm of Martian soil.
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that thermal transients shortened start-up times from 120 min to 60 min by the end of the campaign,
while purity, flow, and energy efficiency all met or exceeded the thresholds identified for a full-scale
propellant plant [80]. Importantly, MOXIE operated successfully during the planet-wide dust storm
of Martian Year 36, validating its filter and thermal-management design under worst-case conditions.

These results close a critical technology gap; modelling studies show that a 2 tonne MOXIE-derived
plant run for 14 months before crew arrival could deliver the 30 tonnes of liquid oxygen needed for
a six-person Mars Ascent Vehicle, reducing Earth-launch mass by approximately 80% compared with
pre-supplied oxidiser [81]. The experiment also provides a calibration data set for atmospheric re-
source forecasting models that couple dust loading, diurnal pressure swings, and compressor work
requirements to guide power-system sizing for future missions.

These demonstrations advance Mars ISRU from laboratory to TRL-7; MOXIE proves solid-oxide elec-
trolysis survivability in the diurnal pressure cycle, PIXL and RIMFAX supply feedstock grade control,
and the sample caching campaign starts a mineralogical database essential for scaling propellant plants,
habitat shielding, and additive-manufacturing feeds.

3.4.4 ExoMars (2022)

ExoMars is an active two-part programme in which the Trace Gas Orbiter (TGO) continues global
reconnaissance while the Rosalind Franklin rover mission has been re-phased under a new European
landing system. TGO’s NOMAD and FREND suites are still delivering the highest-resolution hy-
drogen maps to date—pinpointing metre-scale ice/hydrate reservoirs and refining present-day water
budgets via detections such as HCl and D/H profiles—data that directly feed SR/ISRU site selection
and volatile-harvesting models[82, 83].
On the surface segment, the Rosalind Franklin rover and associated flight hardware remain pre-
served after the 2022 ESA–Roscosmos suspension; the mission retains its 2-m drill, WISDOM ground-
penetrating radar, and the nine-instrument Pasteur payload aimed at accessing and characterising
subsurface volatiles and organics at Oxia Planum—capabilities that are central to validating extrac-
tion scenarios for propellant-grade water and in-situ oxidiser production. A European landing system
is in development to deliver this payload, and the overall ExoMars architecture (orbital mapping
plus deep drilling) continues to provide operationally relevant inputs for planning near-term resource
utilisation campaigns[84, 85, 86].

3.4.5 CLPS (Commercial Lunar Payload Services)

The Commercial lunar payload services is not actually a single mission or programme, but NASA’s
rapid-acquisition framework that purchases end-to-end delivery to selected lunar locations from U.S.
vendors such as Astrobotic, Intuitive Machines, and Firefly. The fixed-price contracts offload lander
development while NASA focuses on science and ISRU payloads, enabling more than 2 missions per
year at a fraction of traditional costs [87, 88, 89].

The service mission manifest is heavily resource-centred; PRIME-1 (2025) will emplace the TRIDENT
one-metre auger and the MSolo mass spectrometer at 80 degrees south latitude to drill, heat, and sniff
polar regolith for water vapour, providing the first ground truth on ice concentration versus depth
[90]. The follow-on VIPER rover (Griffin lander) will traverse up to 20 km, map hydrogen with a
neutron spectrometer, and excavate 1 metre cores at five sites to quantify ice grain size, salt content,
and microwave extractability [91, 92]. Additional flights will test regolith-sintering tiles, autonomous
prospecting algorithms, and cryogenic propellant tanks.
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By commercialising transport, CLPS lowers cadence risk and accelerates technology iteration, with
each landing incrementing polar volatiles statistics, maturing drill/heater designs, and rehearsing
logistics for Artemis surface systems [93, 94]. In effect, CLPS is building the pre-ISRU supply chain
with the validated resource maps and industrial partners needed before megawatt-class oxygen plants
can be deployed.

3.4.6 Lunar Reconnaissance Orbiter (LRO, 2009-present)

The Lunar reconnaissance orbiter (LRO) has circled the Moon for over 15 years, providing the base-
line geodetic and resource data set that underpins every modern lunar polar prospecting mission. Its
LEND instrument produced the first metre-scale hydrogen maps, identifying cold spots with up to
4 wt% water-equivalent hydrogen in permanently shadowed regions (PSR)[95], and complementary
Mini-RF S-band radar mosaics revealed decametre-scale dielectric anomalies consistent with buried
ice lenses, which demonstrated that not all hydrogen resides in optical PSRs [96].

Lunar Orbiter Laser Altimeter (LOLA) topography, Diviner thermometry, and LAMP far-UV spec-
troscopy combine to delineate surface temperatures, regolith roughness, and night-side frost signatures,
refining models of volatile stability and harvestability [97, 98]. Continuous epithermal neutron moni-
toring further tracks regolith hydration loss after micrometeoroid impacts, informing volatile retention
timescales important to mining economics.

For ISRU strategists LRO remains indispensable, as its decade-long climatology constrains thermal
cycling loads on cryogenic storage, its hydrogen maps define high-value mining concessions, and its
topography underpins power-beaming and communications line-of-sight analyses. No lunar propellant
or construction scenario closes without LRO’s geospatial foundation [99].

3.5 Future Role

Looking beyond the present flight campaigns, space resources are set to evolve from optional demon-
strators into primary design drivers that dictate how and where humans extend their reach beyond
LEO. This section explores this architectural pivot, focusing on the Lunar Gateway and Artemis sur-
face systems to show how ISRU-enabled logistics could reshape power, mass, and risk trades across
the entire cis-lunar stack.

3.5.1 Lunar Gateway

The Lunar Gateway is a small, crew-tended station that will follow a 7-day Near-Rectilinear Halo
Orbit (NRHO) around the Moon, providing a staging node between cis-lunar space and every point
on the lunar surface [100].

From the outset, Gateway is being engineered as a logistics multiplier for ISRU. The 60 kW-class
power and propulsion element solar-electric thrusters furnish the ∆V margin to shift the station’s
argument of perigee, allowing its docking ports to remain in sun-synchronous attitude for kilowatt-
level power export and uninterrupted optical comms relays down to polar mining sites [101]. Internal
avionics, life-support interfaces, and high-rate Ka-band links have been sized to handle multi-tonne
cargo tugs that would ferry oxygen, metal feedstock, or water produced on the surface to orbit for
long-term storage or onward transit. Under NASA’s logistics-to-propellant analyses, such a depot cuts
the total launch mass of an Artemis-class lander campaign by more than 30% because of the reduced
∆V requirements from Earth.
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Recent architecture studies extend the concept, with Gateway’s exterior pallets capable of hosting
ISRU experiments in similar condition to the Lunar surface. Once operational, Gateway will not
only serve as a lunar supply depot, but also as a critical infrastructure node in facilitating and ISRU
economy [102, 103].

3.5.2 Artemis Program

The Artemis campaign is conceived in escalating blocks. The first is foundational exploration (Artemis
I–III) to validate the Orion and SLS transportation stack, and land the first south-polar crews. The
second is sustained lunar exploration (Artemis IV–VI) to establish a semi-permanent Base Camp sup-
plied through Gateway, and the third is a transition to Mars in the early-2030s that leverages that
cis-lunar supply chain to stage crewed Mars vehicles [104, 103].

From its first trade studies, Artemis has treated ISRU as a core sub-architecture. NASA’s ISRU
plan sets two guiding rules; to start with the easiest resources to mine and focus early efforts on the
south-polar volatiles that most reduce launch mass [105]. The result is the two-site concept in which
excavators harvest ice inside a permanently shadowed crater and haul water a few kilometres to a
sun-lit propellant production plant that electrolyses, liquefies, and stores hydrolox for landers and life-
support systems [106]. Site-selection studies show several Shackleton-rim and Nobile-basin scenarios
already meet the 5 km distance and less than 20 degree slope rules needed for early operations, with a
1 km ice patch able to sustain hundreds of ten-tonne oxygen production cycles [107]. Embedding that
ISRU chain into the campaign architecture promises a step-change in logistics: polar propellant can
cut the Earth-launch mass of a surface sortie by roughly one-third and positions Gateway to evolve
into an orbital depot during the foundational exploration segment [108]. As production scales toward
hundreds of tonnes per year, ISRU also supplies construction feedstocks and radiation shielding for
the Base Camp, seeding the commercial markets that Artemis is counting on to make a permanent
human lunar presence affordable and resilient.
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4 ISRU State of the Art

ISRU technologies were once considered speculative, but have now progressed to the point where
they define not only what is possible in planetary exploration, but also what is economically and
environmentally viable. This section provides an overview of the current state of ISRU research and
its implementation, focusing on the techniques, proven performance, and challenges associated with
extracting resources from the Lunar and Martian environments [109].

4.1 Lunar ISRU Techniques

The Moon differs significantly from either Earth or Mars, for all practical purposes it has no at-
mosphere, its surface gravity is approximately one sixth Earth’s, and its surface undergoes extreme
diurnal temperature fluctuations. The techniques required to survive and thrive on its surface are
considerably different to those currently used in space exploration. For starters, the absence of an
atmosphere means lunar equipment must shed heat by radiation alone, and that thermal gradients
of more than 300 kelvin exists between sun-lit and shadowed regions. The same vacuum permits
clean high-temperature processing without oxidation, a major advantage for pyrometallurgical ISRU
systems. Lunar gravity lowers bearing loads but calls for augers and bucket wheels that can bite into
loosely consolidated regolith without relying on weight.

4.1.1 Oxygen Extraction

The value of oxygen extracted from lunar resources is immediately apparent. Not only is is a necce-
sary consumable for human life support, but its role as a majority component in hydrolox means it is
indispensable as a facilitator of sustainable access to the lunar surface from cislunar space.

Electrolytic reduction works by separating the oxygen bound to metal elements in lunar regolith,
freeing elemental oxygen and allowing us to obtain metals as a byproduct. As a process, the elec-
trodeoxidation of metals and metal oxides using the Fray Farthing Chen15 (FFC) method is already
at TRL9, and used commercially by Metalysis to produce metals at a range of grades. The applica-
bility of molten salt electrolysis on lunar regolith as a means of oxygen extraction has already been
demonstrated, with Lomax et. al. successfully producing oxygen from Apollo samples. Ongoing opti-
misation at ESTEC targets continuous anode architectures and gas-tight cell designs aimed at raising
the lunar-specific TRL from 4-5 to an operational prototype.

Vacuum thermal decomposition, also termed vacuum pyrolysis, uses direct heating of raw regolith un-
der the ambient lunar vacuum to dissociate oxides into oxygen and sub-oxides. Because only thermal
energy is required, the method couples naturally to concentrated solar furnaces or resistive heaters.
Thermodynamic modelling shows that peak oxygen release occurs between 2000–2500 Celsius, with
theoretical recoveries of 15–20 wt % from typical highland regolith [110, 111]. However, there are still
significant challenges to reach TRL 9, particularly maintaining the high-temperature vacuum seal and
continuously removing both oxygen gas and metallic vapours to avoid re-oxidation.

Hydrogen reduciton of ilmenite (FeTiO3) enriched in the lunar maria offers the highest oxygen yield
per unit mass of any single mineral (approximately 30 wt %). In hydrogen reduction, regolith is
heated to 900–1050 Celsius in a flow of hydrogen and liberated water vapour is then electrolysed,

15The FFC process is a molten-salt electrodeoxygenation in which a solid metal-oxide cathode is immersed in CaCl2
at ∼ 900 ◦C and, under an applied potential, its O2− ions migrate into the electrolyte and are discharged at a carbon
anode as CO/CO2, leaving metallic powder or a consolidated part. This provides a direct, energy-efficient conversion of
oxides to metal.
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recycling the hydrogen and delivering pure oxygen. Laboratory and analogue tests have demonstrated
conversions of 5–10% per pass, and ESA’s PROSPECT/ProSPA package will flight-test the reaction
on the south-pole lander [112, 113]. The process benefits from moderate temperatures but requires
imported H2 or an upstream lunar source and pre-beneficiation to raise ilmenite concentration.

Carbothermal reduction treats bulk regolith with carbon monoxide or methane at 1600–1800 Celsius,
forming CO2 (or CO/H2/H2O mixtures) that are subsequently electrolysed [114]. Recent numerical
and bench-scale work confirms oxygen recoveries above 50% with methane recycling and shows com-
patibility with vacuum furnaces and rotary kilns [115]. Although energetically intensive, the technique
co-produces silicon-rich metal alloy feedstock useful for in-situ construction and electronics [116].

4.1.2 Water Replenishment

Like elemental oxygen, the benefits of being able to produce water in-situ are clear. Given a suffi-
ciently large and sustainable water source, oxygen extraction from regolith becomes moot. However,
the presence of water, its accessibility, and its volume all remain unclear.

For regions where volatiles occur as macroscopic ice grains mixed with regolith (most likely at high-
latitude PSRs where ice concentrations may reach 10–30 wt%) simple heating is the simplest option.
Temperatures just above 0 Celsius suffice for loose icy soil, whereas hydration locked inside mineral
lattices can require more than 150 Celsius. Engineering concepts range from static hot-box kilns to
mobile heaters and large heliostats or Fresnel mirrors that beam concentrated sunlight onto PSR floors
[117]. Recent modelling shows that a 5 metre diameter mirror operated at Shackleton crater could
sublime around 40 kilos per hour of water vapour from a 15 wt% ice deposit, which is then captured
on cold traps cooled by the ambient environment [1]. The approach avoids imported reactants but
must contend with deep-crater logistics, cryogenic dust, and the need for continuous vapour capture
to prevent re-condensation.

Microwave or radio-frequency heating volumetrically couples energy into icy regolith which allows
sub-surface desorption without large area excavations. Lab work with LHS-1 and icy simulants has
demonstrated more than 80 % water release at less than 300 watt per kilo specific power, with con-
densate collected on chilled fingers [118, 119]. Integrated drill-and-microwave heads are scheduled
to fly on PRIME-1/TRIDENT under NASA’s CLPS programme in 2025, providing the first in situ
validation of the technique at depths down to 1 metre under the surface [120]. However, there are
key uncertainties are power scalability under PSR illumination constraints and the electromagnetic
behaviour of regolith and ice mixtures.

Outside the polar cold-traps, bulk water ice is scarce. However, the titanium rich mare basalts contain
ilmenite that reacts with hydrogen gas at 900–1050 Celsius to form metallic iron and water vapour
[121]. Because hydrogen can be recycled by electrolysis of the produced water, only makeup H2 (or
methane/CO) is required. Experimental yields correspond to about 9 tonnes of H2O per 76 tonnes
of processed ilmenite, and recent lab tests report more than 50 kilos of H2O per tonne of regolith
when reaction temperatures exceed 1200 Kelvin [122]. The process shares reactors, heaters and gas-
separation hardware with carbothermal oxygen production from subsubsection 4.1.1, but its economics
depend on hydrogen logistics, namely imported cryogenic H2 and electrolysed polar water or solar-wind
hydrogen harvested from regolith fines.
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4.1.3 Silicon and Metal refining

Early NASA studies proposed heating regolith in the presence of fluorine salts so that fluorine dis-
places oxygen in the silicates and volatilises silicon as silicon tetrafluoride (SiF4) gas, and the metal
fluorides remain in the residue. SiF4 can then be condensed and reduced by hydrogen, magnesium
or plasma methods to yield high-purity silicon, while fluorine is recycled via electrolysis of the spent
salts [123]. Mass balances from that same study indicate that approximately 1 kilo of fluorine could
process more than 50 kilos of regolith [124]. The approach operates at relatively low temperatures
(750–900 °C) compared to other ISRU processes and cleanly separates silicon from iron-group metals,
but it introduces a hazardous halogen loop and demands fluorine-compatible reactors.

Beyond oxygen liberation, the same FFC molten-salt electrolysis process described in subsubsec-
tion 4.1.1 can also yield a silicon-rich metal sponge at the cathode. Once the anodic oxygen evolution
rate stabilises, continued electrolysis progressively reduces the residual iron, aluminium, and titanium
silicates so that elemental silicon, iron, aluminium and titanium precipitate as a porous alloy. Metalysis
has already industrialised the process on terrestrial oxides to produce high-purity Ti and Al powders
for additive manufacturing [125]. Laboratory campaigns with JSC-1A simulant and Apollo 16 samples
have replicated this behaviour in a lunar context, delivering cathode products containing more than
45 wt% silicon while maintaining oxygen release at the anode [126, 127]. ESA’s work demonstrated
continuous operation of such cells with approximately 30 grams per hour of O2, confirming that the
co-produced alloy can be separated by vacuum distillation and selective leaching without degrading
the molten salt electrolyte. The current work at ESTEC views FFC as a dual-output refinery, where
oxygen is vented from the anode and silicon and metals are harvested from the cathode.

At higher temperatures (around 1550 to 1700 Celsius) the regolith can be melted directly to form
its own conductive oxide bath. Electrolysis then releases oxygen at the anode and precipitates a
silicide/metal alloy layer at the cathode. NASA’s Molten Regolith Electrolysis test beds have demon-
strated oxygen yields of 750 g.m−2.h−1 and continuous operation for over 100 hours with no con-
sumable reagents [128]. This technology eliminates molten salt logistics but must the scaling of
megawatt-class power supplies.

As with oxygen production in subsubsection 4.1.1, injecting carbon monoxide or methane into molten
regolith at 1600 to 1800 Celsius reduces metal oxides to an Fe-Si alloy while generating CO2 (or CO/H2)
that can be re-electrolysed. Laboratory crucible tests have achieved more than 60% metallisation of
silicon within two hours [129].

4.2 Mars ISRU Techniques

The Martian environment provides three principal resource reservoirs: its CO2-rich atmosphere, ex-
tensive shallow ground-ice deposits, and a globally basaltic regolith. ISRU research therefore clusters
around atmospheric processing, water acquisition, and regolith conversion, each with a different tech-
nical maturity [130, 131].

4.2.1 Atmospheric Processing

Solid-oxide electrolysis has advanced furthest, driven by MOXIE (recall subsubsection 3.4.3) aboard
NASA’s Perseverance rover. MOXIE draws ambient CO2, compresses and heats it to approximately
800 Celsius in a yttria-stabilised-zirconia cell where it is split into O2 and CO. In its first campaign
the instrument produced 6 grams per hour of 99.6%-pure oxygen, meeting its design target and vali-
dating closed-loop control under fluctuating Martian diurnal pressures[132, 79]. Subsequent runs have
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confirmed stable operation over more than 15 thermal cycles, demonstrating TRL 7 for kilo-per-day
oxygen generators.

For ascent-vehicle propellant oxygen must be paired with a locally synthesised fuel, with the current
reference route being the Sabatier/RWGS sequence [133]. Atmospheric CO2 is first reacted with im-
ported (or electrolysed) H2 over Ru-Al2O3 catalysts at 350 Celsius to form CH4 and H2O. The water
is electrolysed, recycling hydrogen, while the methane is liquefied together with the oxygen stock.
Laboratory reactors at NASA-SSI and JSC have achieved methane throughputs of 2.5 kilos per hour
with 95% carbon utilisation[134, 135], and integrated tests have logged more than 1000 hours without
measurable catalyst deactivation[136]. Scaled up studies for the Mars Design Reference Architecture
(DRA 5.0) show that a 30 tonne O2/ 7 tonne methane plant requires approximately 170 kW of elec-
trical power sustained for 480 sol, placing the system at TRL 5 [137].

Alternatives under exploration include CO/O2 bipropellant production by high-temperature electrol-
ysis (bypassing methane synthesis) and plasma dissociation of CO2 to CO + O2 at lower thermal
loads; both remain at laboratory TRL 3–4.

4.2.2 Water Acquisition and Processing

Neutron, radar, and thermal-inertia data from Mars Odyssey, SHARAD and MRO suggest that more
than 100,000 km3 of water ice lies within the top five metres at mid-latitudes, with local volumetric
fractions exceeding 60% [138, 139]. Engineering concepts for extraction bifurcate into mechanical
mining and sub-surface heating.

Radar and neutron spectrometry supported by impact crater observations and thermal emission mea-
surements confirm widespread shallow subsurface ice across Mars’ mid latitudes. Ice depths can be as
shallow as less than a metre and thicknesses can exceed 100 metres, with volumetric fractions of excess
ice significantly above regolith porosity, reaching more than 60% in some locations such as Arcadia
Planitia and Milankovič Crater [140, 141]. Engineering approaches to exploit this resource bifurcate
into mechanical excavation and thermal in situ mining.

Mechanical extraction draws from polar and permafrost mining analogues. Drilling campaigns such
as Icebreaker have achieved 1 metre penetration in an hour with less than 100 Watts of power and less
than 100 Newtons weight-on-bit, acquiring frozen samples in approximately 10 centimetre increments
without inducing phase changes [141]. Designs based on rotary-percussive or auger mechanisms have
demonstrated viability for deployment in Mars analogue environments and Mars simulation chambers
[141, 142]. Material conveyance remains a critical link, with cryogenic belts and bucket-chains showing
they can keep ice below -40 Celsius during transfer, minimising sublimation and preserving sample
integrity [143].

In contrast, in-situ thermal mining avoids excavation by delivering heat directly through conduc-
tive rods inserted into the exposed ice. This method sublimates the ice allowing water vapour to
be collected via condensation traps or vacuum pumps. Models show that single-rod configurations
can sustain sublimation for low-demand operations while high-throughput designs require multi-rod
arrays with total power inputs approaching several hundred watts per kilogram of ice released [140].
Sublimation rates depend strongly on rod geometry and the purity of the ice.

Both strategies ultimately aim to feed electrolysis systems for hydrogen and oxygen production. Tech-
nologies derived from proton-exchange membrane electrolysers (initially used in life-support systems)
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have demonstrated 2 kilo per hour throughput at approximately 3.5 kWh per kilo specific energy input
[144]. The combination of subsurface access, thermal control, and regolith-handling reliability forms
the primary engineering barrier to scalable Martian water ISRU.

4.3 Technology Gaps

The development of ISRU capabilities for the Moon and Mars has progressed rapidly in recent years,
yet significant technology gaps still remain before these methods can be deployed at the scale required
to support human missions. In particular, there are key gaps in the fields of oxygen and fuel production,
water acquisition, and metal refining, as well as issues regarding the integration of these techniques
into autonomous resource processing systems.

4.3.1 High-throughput Oxygen Plants

Laboratory campaigns of molten-salt and molten-regolith electrolysis now release tens of grams of O
per hour and have run continuously for up to 100 hours, lifting the generic technology to TRL 4–5.
The decisive gap is scaling those bench cells to the multi-kilowatt, multi-month reactors that a surface
propellant plant demands. Doing so entails (i) materials handling of abrasive, electrically conductive
melts at 1600–1700 Celsius, (ii) thermal management in a vacuum where convective cooling is absent,
(iii) mitigation of electrode corrosion over millions of ampere-hours and (iv) fully autonomous control
to accommodate duty-cycle interruptions such as the 354-hour lunar night or the seasonal pressure
swings on Mars. The first partial closure of this gap came only in 2024, when a NASA and Lunar
Resources prototype extracted O2 from 25 kilos of simulant inside a large vacuum chamber—roughly
an order of magnitude up-mass on prior trials and the first test under a mission-like environment [145].
Although heralded as commercial-scale, the run length was still less than 8 h and no study yet couples
such reactors to an in-situ power system or to continuous product storage.

The MOXIE experiment (subsubsection 3.4.3) elevated solid-oxide electrolysis to TRL 7, yet its 6–10
gram per hour output would have to rise by two orders of magnitude to prefuel a Mars Ascent Vehicle.
Analyses of a full-scale MOXIE indicate electrical loads of approximately 25 kiloWatts and coolant
rejection of comparable magnitude for about 500 sols to accumulate 30 tonnes of O2 [146]. The open
engineering items are therefore compressor reliability in dust-laden CO2, thermo-mechanical cycling
of the solid-oxide stacks over diurnal swings, and integration of high-power electronics into a martian
thermal-vacuum environment—all over multi-year lifetimes without maintenance.

4.3.2 Methane and Complete Propellant Loops

Sabatier reactors with Ru-Al2O3 catalysts have already logged more than 1000 hours in Earth testbeds
at conversion efficiencies over 95%, but no system has yet operated on Mars. The gap is thus less
in chemistry than in the end-to-end loop: collecting and compressing more than 30 tonnes of CO2,
importing or recycling about 8 tonnes of H2, electrolysing and liquefying both product streams, and
storing cryogens through a martian winter night. Design reference studies suggest approximately 170
kW continuous power for a 30 tonne O2 / 7 tonne CH4 plant [147], making power generation, radiator
sizing and autonomous fault-management the critical unknowns.

4.3.3 Water Acquisition

Hydrogen reduction of ilmenite, microwave sublimation of polar ice, and regolith auger-sampling each
mature to different TRLs under Earth conditions, yet no method has proven it can deliver the hundreds
of kilos per day that a fuel-grade electrolyser demands. In particular, resource heterogeneity (lateral
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and vertical variations in ice fraction or ilmenite grade) remains poorly mapped below the metre scale
and directly affects plant sizing and economics [148]. Demonstrations such as PRIME-1 and VIPER
will constrain the variability, but until continuous excavation, transfer, and beneficiation are shown in
low gravity (1/6-g for Lunar or 3/8-g for Martian systems), mining remains the dominant risk driver
for water-derived propellant architectures.
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5 Mission Architectures

What does the choice of mission architecture really buy us in ∆V , cost, and CO2, and how does ISRU
change the answer?

A mission architecture is the ordered set of launches, orbital rendezvous, propellant and consumables
transfers, and supporting operations needed to execute a mission. Each architectural choice fixes
the sequence of propulsion events, and thus the total ∆V requirements. Through subsection 1.1 and
Equation 1 it is evident that an increase in ∆V exponentiates the propellant mass, driving both
launch cost and the CO2 emitted. Here we describe five progressively ISRU-reliant categories of
mission architecture, and show how they differ in logistic assumptions, how they govern vehicle sizing,
and how they lay the groundwork for subsequent mission-design analyses.

5.1 Single Launch

The single-launch model places every element, from the crew, lander, return stage, and consumables
on the same booster. Its pedigree runs from Luna 16 through Apollo 11, whose 2.9 × 106 kg Saturn
V delivered the entire trans-Earth stack in one launch. Operational simplicity is offset by demanding
performance: closing the ∆V budget in one burn drives the initial mass-to-payload ratio above 23 for
lunar sorties, which in turn inflates propellant production energy and CO2 release [149]. No ISRU
is possible, because nothing remains on the surface long enough to harvest local volatiles, and every
gram of propellant, life-support consumable, and structure originates in Earth’s industrial base. This
architecture serves as a high-carbon and high-cost reference point..

5.2 Multiple Launches

Multi-launch concepts break the “all-up” stack into smaller pieces that assemble by docking, either in
LEO, at the destination, or as sequential staged flights. NASA’s Artemis Phase 1 profile dispatches
SLS with Orion while a commercial lander and logistics module depart on separate boosters before
rendezvous at Gateway in NRHO [150]. Distributing mass reduces peak booster thrust, but the
propellant driving every rendezvous still comes from Earth. ISRU is absent from the baseline design,
although the architecture is ISRU-ready, as once surface propellant becomes available, the lander
segment alone can be redesigned without altering the LEO assembly chain. Carbon cost scales with
the number of launches, but each leg remains energetically identical to single-launch equivalents, so
the absolute CO2 per delivered tonne falls only modestly.

5.3 In-Space Depots

Propellant depots add cryogenic storage nodes, typically LH2/LOX or CH4/LOX tanks, at energeti-
cally useful way-points such as LEO or in NRHO. A frequently cited design is the “Simple, Robust
Cryogenic Propellant Depot” demonstrator, conceived to store Centaur-derived propellant for up to
a year and enable modular scaling to Mars-class missions [151, 152]. Depots decouple launches from
departure windows and reduce the ∆V carried on any single stage, improving dry:wet ratios. In
their pure form the storage nodes are still fed by Earth launches, so ISRU is optional. Nevertheless,
standardising fluid-transfer interfaces and boil-off management makes later insertion of lunar-sourced
LOX straightforward.

5.4 ISRU-Assisted

Here the mission plan assumes at least one propellant constituent is produced off-world. The MOXIE
has already electrolysed Martian CO2 into 6 g.h−1 of O2, proving the chemistry at planetary scale
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subsubsection 3.4.3. Lunar concepts adopt the same principle: land a tanker with only CH4, extract
oxygen from regolith, and back-haul LOX to an orbiting depot, cutting Earth-launch mass by 40 %
in some trade studies [153]. Because only part of the propellant stream is indigenous, launch cadence
remains non-zero, yet life-cycle CO2 per delivered tonne falls steeply once the surface plant mass is
amortised Part II.

5.5 Full ISRU

A full ISRU architecture treats the destination as a self-supplied industrial estate, with power gen-
eration, volatile extraction, and high-temperature metallurgy run side-by-side so that propellant,
structural metals, life-support consumables, and eventually export goods are all produced locally.
Because outbound vehicles depart with empty tanks and return with marketable cargo, the classic
exponential link between ∆V and Earth-launched mass collapses to a far slower, roughly linear growth
with surface-plant throughput. A lunar implementation couples two resource streams. At the poles,
water-ice mined from permanently shadowed craters is cracked into LH2/LOX and stored cryogeni-
cally; in sunlit highlands the molten-salt electrolysis produces oxygen and metals. Linking these plants
to a reusable lunar shuttle cuts the surface-to-NRHO gear-ratio to about 2:1, where two tonnes of
propellant are produced for every tonne delivered in orbit.
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6 Impacts of Mission Architecture Choices

The impact of which mission architecture is chosen is not limited to the flight vehicle, but cascades
through every layer of the programme, from the factory floor to the astronaut’s risk envelope and the
economics of an emerging cislunar market.

First, architecture fixes the shape of the terrestrial industrial base that must exist before each launch
campaign. A single-launch calls for one surge-capacity booster line and a narrowly timed materials
flow, whereas a depot or ISRU-centred campaign drives demand for cryogenic-tank fabrication, au-
tonomous transfer valves, surface robotics, and multi-megawatt power plants. A NASA supply-chain
study showed that as much as 70–80 % of recurring operations cost are locked in during this early
design phase, and that disciplined supply-chain management can cut total life-cycle expenditure by a
third; savings that no vehicle-level optimisation can recover later [154]. Furthermore, a 2023 sustain-
ability review came to the same conclusion: risk, cost, and carbon are co-determined by the agility of
the upstream supply chain, not by launcher performance alone [155].

Second, the choice of architecture alters the operational logistics on Earth. Multi-launch rendezvous
increases launch pad operations, number of propellant-handling events, and range conflicts. On the
Shuttle programme every additional hypergolic-servicing task required bespoke safety procedures and
elongated the critical path [156]. Orbital depot architectures relocate part of that logistic load to
orbit, but substitute long-duration cryogenic storage. Recent analyses list boil-off control and au-
tonomous tank-to-tank transfer as the dominant power draws and mass drivers in the ground segment
that builds and checks those systems [157]. Full-ISRU concepts invert the picture again, pushing the
heavy industrial plant and its electrical burden onto the lunar surface. NASA’s 2022 ISRU roadmap
projects commodity flows of hundreds to thousands of tonnes per year each traceable to surface power
and mining throughput rather than launch rate [158].

Third, architecture is inseparable from human-rating and safety. Every new interface, from docking
port to propellant lines and surface processing adds failure modes that must be closed by redundancy
or abort capability under human-rating standards [159, 160]. Historical system safety work on in-space
propellant logistics shows that transfer operations in LEO introduce hazards equivalent to a second
launch phase, with cryogenic line rupture and residual propellant ignition topping the risk matrix
[161]. Interestingly, architectures that shorten crewed mission phases, possibly by sending landers up
dry to be fuelled robotically, can reduce exposure time and thus risk even if they add uncrewed flights.

Finally, as we see in Part II, architecture dictates the macroeconomic and environmental footprint. A
2019 collaborative study finds that meeting a near-term demand of 450 tonnes of propellant per year
in cis-lunar space favours a commercial ice-mining operation processing 2,450 tonnes of lunar water,
with break-even capital in the billion dollar range and a dramatic cut in Earth-launch mass [162].
Yet that benefit materialises only after the surface power plant grows beyond the megawatt scale, re-
framing carbon accounting from rocket exhaust to lunar energy generation. In single launch or multi
launch architectures the dominant emissions source remains terrestrial propellant production, and in
depot-based architectures it shifts to boil-off and refrigeration losses. Thus, choosing an architecture
is equivalent to choosing where industry, risk, jobs, and emissions will be.
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Part II

The Impact of ISRU on our Carbon Footprint

7 Methodology

The following section serves to outline the general methodology employed throughout the study.
Methods that are model or vehicle specific are not covered here, but in their respective sections.

7.1 ∆v road map

The following road map was built to organise the logistics of transferring from various orbits. All
manoeuvres are assumed impulsive, and unless otherwise specified, orbital velocities and ∆v’s are
calculated using Keplerian mechanics. For the transitions between LEO and Weak Stability Boundary
(WSB) orbits, and between WSB and Near Rectilinear Halo Orbits (NRHO), Figure 2 uses data from
several internal ESA mission analyses and from theoretically-ideal Hohmann transfers to orbit from
the lunar surface to LLO [163, 164]. This was done as both WSB and NRHO are non-Keplerian
n-body problems. The ability to arrive in NRHO via WSB is included as pathway that requires less
∆V at the expense of taking approximately 30-60 times longer [165]. As such, it is not implemented
for any crewed missions, but explored as a supplementary orbit for non-time-critical transitions into
cislunar space.

Figure 2: ∆v map of cislunar space

For Mars descent using aerodynamic deceleration techniques (for example with a combination of
inflatable heat shields, ballutes, drogue chutes, parachutes, etc.), and indicative ∆v of 0.5-0.8 km/s-1

is used [166]. This value can change depending on the ballistic coefficient of the entry vehicle, and so
the value for Mars descent/landing was taken as the upper limit of 0.8 km/s-1. The ∆v values for each
upcoming transfer window are available in Appendix B. The ascent ∆v can change slightly based on
the ascent profile and target altitude for low Mars orbit (LMO). Here, an altitude of 400 km was used
and the ∆v taken as 4.1 km/s-1; the same as the proposed Hercules reusable Mars lander [166]. The
various ∆v values for the transits between Earth and Mars are sown in Figure 3.
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Figure 3: ∆v map of Earth-Mars transfers

7.2 CO2 Sources

To calculate estimates of the CO2 emissions of each type of mission architecture we must limit our-
selves to an incomplete, but sufficiently accurate, set of CO2 emissions sources. Within the scope
of comparing different mission architectures we limit ourselves to three main sources for the carbon
footprint. We make a key assumption that these three are the main contributors to the carbon foot-
print of a space mission, and that additional factors ranging from the construction down to the daily
commutes of workers involved can be omitted, either because they occur regardless of the mission
architecture, or because their overall contribution is expected to be several orders of magnitude lower
that the principle contributors.

7.2.1 Materials of Construction (MoC)

The additional assumption was made that the entire mass of the vehicle was composed of the same
material. The MoC for each vehicle and the calculation used to obtain a value of kgCO2/kg are
outlined in the respective sections. Two different materials were considered as the MoC for launch ve-
hicles (and subsequently also for spacecraft, tugs, and any additional mission infrastructure required);
an Aluminium-Lithium alloy and Stainless steel.

Details regarding the carbon emissions of AlLi2195 production are scarce, and so a breakdown was
performed such that a weighted sum of the individual carbon emissions of its components could be
calculated to then obtain an estimate of the alloy’s overall emissions value. This is outlined in Table 1.
As previously stated, the conversion of the alloy from feed stock to final vehicle is not considered in
the carbon emissions calculation.

The CO2 emissions of stainless steel can be split into 3 scopes. Scope 1 encompasses industry-direct
emissions, such as from business-owned sources. Scope 2 encompasses indirect emissions, such as
from the generation on purchased power. Scope 3 encompasses emissions associated with the supply
chain for materials used in the production of stainless steel. The carbon footprint of stainless steel
production also varies depending on the amount of scrap utilised, with scope 3 emissions ranging from
2.08 kgCO2/kg for 85% scrap to 6.82 kgCO2/kg for 30% scrap. The most common range for recycled
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Table 1: AlLi2195 material breakdown

Material Composition

AlLi2195

Element Al Li Cu Mg
Mass Fraction [167] 0.945 0.010 0.040 0.005
kgCO2/kg 6.8 [168] 15 [169] 4.1 [170] 21.8 [171]
Overall kgCO2/kg 6.853

content in stainless steel production is between 50-85% scrap, allowing us to make an estimate of
around 2.50 kgCO2/kg for the scope 3 carbon emissions of stainless steel production [172]. Scope 1
and scope 2 kgCO2/kg emissions are 0.38 and 0.45 respectively, giving a summed carbon emissions
value for stainless steel production of 3.33 kgCO2/kg.

7.2.2 Propellant Production

Depending on the type of propellant mix used, the kgCO2/kg will vary. This is not only a factor
of propellant mix ratio but also of the industrial plant used to produce the propellant. Within this
study we consider two propellant mixes; Methalox (liquid oxygen and methane) and Cryogenic (liquid
oxygen and liquid hydrogen). In order to calculate the carbon emissions of propellant production, first
the propellant types were identified, then the emissions of each component calculated. To this end,
different industrial plants were identified, and the kgCO2/kg product calculated using the formula

Carbon Emissions = Specific Energy · Grid Carbon Intensity (3)

[

kgCO2

kg

]

=

[

kWh

kg

]

·

[

kgCO2

kWh

]

We can then look at publicly available data sheets for industrial plants to obtain the neccesary values.
The calculated carbon emission values for the components of rocket propellant are listed in Table 2.
We can then combine this data with the known propellant mix ratios, to obtain a total emissions value
per propellant type (Table 3).

Table 2: Propellant component specific carbon emissions

Product Plant
Specific energy Grid Carbon Intensity Specific Carbon Emissions

[kWh/kg] [kgCO2/kWh] [kgCO2/kg]

LOX Yango™– Standard Air Separation Unit [173] 0.4-0.6 [173] 0.25 [174] 0.125
LH2 Air Liquide Hydrogen Liquefier [173] 7.0 [173] 0.25 [174] 1.750
CH4 Smartfin™ (Single Mixed Refrigerant Cycle) [173] 0.35 [173] 0.25 [174] 0.0875

Table 3: Final propellant specific carbon emissions

Propellant type Mix Ratio
Specific Carbon Emissions [kgCO2/kg]
fuel oxidiser overall

Cryogenic 6 1.75 0.125 0.357
Methalox 3.6 0.0875 0.125 0.117

7.2.3 Propellant Combustion

For existing launchers there exist already comprehensive calculations regarding the emissions from
rocket launches [175]. However, this data was not available for all the launch vehicles used within
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the concept of operations selected for comparison, so instead the nozzle exit mass fraction data was
used to calculate the quantity of CO2 emitted per launch. Clearly different types of rocket engines
operate at different design points, so it is expected that each have their own set of nozzle exit species
mass fractions. Of the three launch vehicles under consideration for the various mission architectures
(New Glenn, Superheavy, and SLS) only SLS has performed a successful launch to orbit. Nonethe-
less we can perform an initial estimate of the carbon emissions per launch for those not yet operational.

Given the lack of public information regarding the New Glenn launch vehicle being developed by Blue
Origin, an estimate of the expected propellant mass was obtained via supplementary calculations.
Knowing that the mass flow of a rocket engine can be expressed as

ṁ =
F

Isp · g0
(4)

we can obtain an initial estimate of the total mass flow of the launch vehicle. Current specifications
state a first stage thrust of 1.71 × 104 kN supplied over 7 engines. Each BE-4 engine produces
approximately 2.442×103 kN of thrust and has an estimated16 Isp of 315 s [176]. Given the proposed
ascent profile [177], the lower density of methane w.r.t. RP-1, and comparison with similar engines,
the Isp was lowered to 300 s for a more conservative estimate. This gives a mass flow per engine of
829.7 kg.s-1. For seven engines, and a main engine cut off (MECO) of 198 seconds [177], we obtain a
total propellant mass for New Glenn’s first stage (NGS1) of just shy of 1150 tonnes. Calculations for
New Glenn’s second stage (NGS2) and for the Blue Moon lander are outlined in subsection 9.1. Their
propellant combustion will not have an impact on emissions given the altitude at which they operate.

Table 4: Launch vehicle carbon emissions

Vehicle Propellant Mass [tonnes] CO2 nozzle exit mass fraction CO2/launch [tonnes]

Superheavy 4,600 [178] 0.4118 [179] 1,894
New Glenn 1,150 0.3820 [176] 439.3

SLS - - 538 [180]

7.3 Solving Algorithms

The dependency of the propellant mass on the payload mass, which itself is dependant on the maxi-
mum wet mass limit minus the varying propellant mass results in a recursive equation. An iterative
calculation method was developed that permits the solver to converge on a solution that results in
the maximum deliverable payload per manoeuvre. Here we will outline two solving algorithms, both
of which employ a creeping methodology to converge by iteratively modifying parameters. Depending
on the mission architecture, a combination of both algorithms is used.

7.3.1 Single Manoeuvre

The single-manoeuvre scenario is used when maximising payload mass for a given vehicle with a given
desired ∆v and fixed maximum wet mass and dry structural mass. This process (Figure 4) is said to
have converged when the available mass value is sufficiently small (< 0.001).

7.3.2 Multiple Manoeuvres

The multiple-manoeuvre scenario is identical to the first, but with the addition of required payload
masses per iteration that represent the propellant mass required for subsequent manoeuvres. These

16Based on simulations by Rocket Propulsion Analysis and estimated engine parameters
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Figure 4: Single Manoeuvre solving algorithm

can be stacked where neccesary, and required propellant payload mass per manoeuvre can be modified
to account for ISRU capabilities in different locations of the operational chain. The algorithm process
for a three-manoeuvre event timeline is depicted in Figure 5. As for the single manoeuvre algorithm,
the process is said to have converged when the available mass value is sufficiently small (< 0.001).

Figure 5: Multiple Manoeuvre solving algorithm

Within this process, the dry mass of a vehicle in all but the initial calculation is considered to be
both the structural and payload mass. Furthermore, the three manoeuvres in Figure 5 are in inverse
chronological order, such that ”Delta V #3” refers to the first of the three manoeuvres, and such
that the comparison to the maximum vehicle wet mass is done in the state where the vehicle is at its
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maximum load.

7.4 ISRU Plant Sizing

Appendix D outlines various ISRU plant sizing results from reference Mars mission designs [181, 182,
183]. These results are tailored to Mars ISRU, and as such should not be used as accurate estimates
of plant mass:output ratio for Lunar ISRU. Consequently, results from an internal ESA analysis were
used to obtain an initial estimate for the output rates of three plant efficiencies.

Table 5: Estimated production rates of Lunar ISRU plants

Plant Efficiency Daily output: Mass

Pessimistic 0.001
Baseline 0.005

Optimistic 0.01
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8 Space X Model

The Space X model used in this study is based on the current launch vehicle/spacecraft combination
being developed by Space Exploration Technologies Corp. The launch system uses a first stage booster,
called Superheavy, and a second stage, called Starship. Both are designed to be fully reusable. In
this reusable configuration, 150 tonnes can be delivered to LEO, with this increasing to 250 tonnes if
the Starship second stage does not return to the surface. To achieve this, the first stage uses 3,600
tonnes and the second stage uses 1,200 tonnes. Both are powered by methalox-burning Raptor engines
developed in-house.

8.1 Concept of Operations

The following three concepts of operations use ISRU-capabilities at different levels. The first is a
one-way cargo delivery trip to the lunar surface facilitated by a LEO refuelling of the Starship before
departure into cislunar space. The second is also a one-way cargo delivery to the lunar surface, but
with the possibility to refuel LOX in low lunar orbit (LLO) before final descent. The third is where
an outbound Starship can refuel LOX both in LEO and in LLO. In this scenario, the LOX available
in LEO is the return payload of the previous Starship.

8.1.1 Con Ops 1

Con Ops 1 is the cargo-delivery variant of the currently envisioned architecture. Unlike the HLS
mission plan which returns the Starship to lunar orbit [184], Con Ops 1 remains on the surface. This
allows the deliverable payload to be maximised, as the ascent propellant does not need to be carried
along. If the lunar-bound Starship is launched fully loaded in its expendable configuration, it arrives
in LEO with 250 tonnes of payload. This vehicle (red in Figure 6) is now in orbit with 350 tonnes of
dry mass, and requires 950 tonnes of propellant to return to its fully loaded configuration.

Figure 6: Space X Model Concept of Operations 1
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8 SPACE X MODEL

These 950 tonnes of propellant require 7 additional launches of a Starship tanker (yellow in Figure 6),
each delivering 150 tonnes per launch. Once fully loaded in LEO, the lunar-bound Starship must
perform a 5986 m.s-1 manoeuvre to arrive at the lunar surface (Figure 2). Using its vacuum-optimised
variant of the Raptor engines (Isp increases from 350s to 380s with a larger expansion nozzle [185]),
Starship requires 1,039 tonnes of propellant to make this trip. Thus, in its one-way non-ISRU-enabled
architecture, the Space X model concept of operations can deliver 161 tonnes of payload to the lunar
surface per trip.

8.1.2 Con Ops 2

Con Ops 2 introduced ISRU capabilities into cislunar space. Within this architecture, a surface ISRU
plant is operational and making LOX, which is then delivered to a LLO depot. Outbound Starships
thus do not have to carry the LOX required to perform the final LLO to lunar surface descent, and
can instead dedicate that capacity to extra deliverable payload.

4

Δ

Δ

Δ Δ

LLO Depot CH4 resupply
1 2

Figure 7: Space X Model Concept of Operations 2

Using the procedure outlined in Figure 5, and a maximum wet mass of 1,300 tonnes, we calculate a
maximum lunar-bound payload of 291.9 tonnes. With this payload and a methalox mix ratio of 1:3.6,
63.6 tonnes of CH4 are needed for the descent from LLO to the lunar surface. This makes the effective
payload for the LEO-LLO transit equal to 355.5 tonnes, the propellant required for the transit equal
to 844.5 tonnes, and the wet mass equal to 1,300 tonnes. Since the payload is above the 250 tonne
limit per Starship trip to LEO, an extra launch is required to fully load the lunar-bound Starship. If
this extra payload can be launched aboard a tanker Starship, only 7 additional launches are required
before LEO departure, and if not, 8 are required.

This architecture also requires the periodic resupply of CH4 at the cislunar depot to facilitate the
lunar shuttle trips to and from the ISRU plant. Again using the procedure outlined in Figure 5, we
calculate a [Earth-CH4 delivery to LLO]:[Lunar-LOX delivered to LLO] ratio of 0.23 (refer to Figure 8
for the mass distributions of lunar shuttle trips). Per cargo Starship landing on the lunar surface,
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229 tonnes of LOX are required at a LLO depot. These 229 tonnes of LOX require the delivery of 53
tonnes of CH4 from Earth. Given that the periodic resupply of CH4 delivers 355 tonnes per trip to
LLO, each cargo Starship requires 0.15 CH4 resupplies to LLO.

–

1 2

1

378 t

100 t

2

Payload

Starship Dry Mass

CH4
[LS-LLO]

LOX
[LS-LLO]

105 t

120 t LOX
[LLO-LS]

597 t

100 tStarship Dry Mass

CH4
[LS-LLO]

LOX
[LLO-LS]

120 t

33 tCH4
[LLO-LS]

105 t

138 t CH4: 597 t LOX (delivered)

Figure 8: SX Con Ops 2: Lunar shuttle composition

8.1.3 Con Ops 3

Con Ops 3 introduces the additional capability of returning lunar-produced LOX to LEO, where it can
be used to refuel a vehicle on the its outbound flight to reduce reliance on LOX sourced from within
the Earth’s gravity well (Figure 9). Unlike Con Ops 1 and 2, the third concept of operations introduces
an additional consideration regarding the mission goals. Whereas before the optimum solution was
defined as that with the most lunar-bound payload, now we must also consider the return of LOX
from cislunar space. Let us quickly examine the two extremes of the problem. If we prioritise payload
delivery to the surface and neglect LOX return to LEO we only bring back an empty Starship, which
whilst useful for reusability means we reduced our effective cargo delivery with no accompanying
benefit. On the other end of the spectrum we can consider prioritising LOX return to LEO by first
sending a Starship to the lunar surface loaded with methane neccesary to bring back LOX. In this case
we bring back LOX to LEO but delivered no payload to the lunar surface, nullifying our comparison.

There will clearly be a trade-off; more outbound payload from LEO mean less lunar-LOX returned
to LEO - the choice of which payload trip should be more important is dependent on mission goals.
We can, nonetheless, see the linear relationship between outbound and inbound payload for this
concept of operations. Within Figure 10 only the extremes of the data set have been highlighted,
but intermediate points were also calculated to validate the linear relationship. For comparison, a
hydrolox propellant mix is also shown, and as expected the lower mass fraction of the fuel component
results in a higher maximum payload both on the outbound and inbound phases of flight. For the
mission architecture, we make the assumption that a previous mission has been conducted with the
same inbound/outbound mass distribution, such that, for example, a mission carrying 50 tonnes of
outbound payload has access to 191.8 tonnes of inbound lunar-produced LOX in LEO.

8.2 Carbon Dioxide Emissions

With the mission architecture outlined for each of the three concept of operations, we can proceed
with calculating the associated carbon emissions.
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Figure 9: Space X Model Concept of Operations 3

Figure 10: SX Con Ops 3: Inbound vs Outbound payload combinations

8.2.1 Con Ops 1

As previously mentioned, Con Ops 1 requires an initial launch to LEO of the lunar-bound Starship,
and 7 subsequent launches to fully load before its departure to the lunar surface. Assuming full
reusability of the Superheavy booster stage and the Starship tanker, we can outline the emissions per
mission element (Table 6).

With 161 tonnes of payload delivered to the surface for every 22,314 tonnes of CO2 emitted, Space
X Con Ops 1 has a payload emissions ratio of 1:139.

8.2.2 Con Ops 2

In terms of launch requirements, Con Ops 2 is similar to Con Ops 1 in that the lunar-bound Starship
requires an initial launch plus 7 refuels in LEO. However, unlike Con Ops 1, it requires a resupply
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Table 6: SX Con Ops 1: Carbon Emissions

Elements Con Ops 1

Name
CO2 Emissions

Quantity
CO2 Emissions

[kg] [kg]

Superheavy MoC 1,370,600.00 1 1,370,600.00
Starship MoC 685,300.00 2 1,370,600.00

Launch Prop. Burn 1,894,000.00 8 15,152,000.00
Launch Prop. Prod 537,500.00 8 4,300,000.00

LOX:CH4/kg 0.117 1,039,000.00 121,404.89
LOX/kg 0.125 0 0
CH4/kg 0.0875 0 0

Total 22,314,604.89

of CH4 to a LLO depot so that it can then refuel the neccesary LOX before its descent to the lunar
surface. Since this resupply of CH4 only needs to happen every 6.7 cargo mission, we can take the
fractional emissions for this element of the mission architecture

Table 7: SX Con Ops 2: Carbon Emissions per mission element

Elements Cargo Mission LLO Resupply of CH4

Name
CO2 Emissions

Quantity
CO2 Emissions

Quantity
CO2 Emissions

[kg] [kg] [kg]

Superheavy MoC 1,370,600.00 1 1,370,600.00 0 0
Starship MoC 685,300.00 2 1,370,600.00 1 685,300.00

Launch Prop. Burn 1,894,000.00 8 15,152,000.00 8 15,152,000.00
Launch Prop. Prod 537,500.00 8 4,300,000.00 8 4,300,000.00

LOX:CH4/kg 0.117 908,100.00 106,109.51 845,000.00 98,736.41
LOX/kg 0.125 0 0 0 0
CH4/kg 0.0875 0 0 355,000.00 31,062.50

Element Total 22,299,309.51 20,267,098.91
x1 22,299,309.51 x0.15 3,040,064.84

Overall Weighted Total 25,339,374.35

With 291.9 tonnes of payload delivered to the surface for every 25,339 tonnes of CO2 emitted, Space
X Con Ops 2 has a payload emissions ratio of 1:87.

8.2.3 Con Ops 3

One of the most evident implications of our modified mission architecture within Con Ops 3 is that
the payload emissions ratio will no longer be a constant, but instead dependent on the proportion
of outbound-to-inbound payloads. We thus need to verify what the effect of our returning Starship
is on the payload emissions ratio. Figure 11 shows the relationship between outbound payload and
the payload emissions ratio. Perhaps not surprisingly, for all combinations of outbound and inbound
payloads, the emissions ratio is higher than for the ISRU-enabled Con Ops 2. There is, also not
too surprisingly, a range of outbound payloads in which Con Ops 3 has a lower payload emissions
ratio than the non ISRU-enabled mission architecture of Con Ops 1. However, below ≈ 183 tonnes
of outbound payload, Con Ops 1 has a lower payload emissions ratio, indicating that the penalty
of having to return the 100 tonne Starship to LEO quickly outweighs the benefits of ISRU (at least
within the scope of a direct comparison between Con Ops 1 and 3).
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Figure 11: SX Con Ops 3: Outbound payload and corresponding payload emissions ratio

For reference, Table 8 shows the breakdown of CO2 emissions of a mission with 120 tonnes of outbound
payload that returns 95.9 tonnes of lunar-produced LOX to LEO.

Table 8: SX Con Ops 3: Emissions breakdown for 120 tonnes outbound payload

Elements Cargo Mission LLO Resupply of CH4

Name
CO2 Emissions

Quantity
CO2 Emissions

Quantity
CO2 Emissions

[kg] [kg] [kg]

Superheavy MoC 1,370,600.00 1 1,370,600.00 0 0
Starship MoC 685,300.00 2 1,370,600.00 1 685,300.00

Launch Prop. Burn 1,894,000.00 8 15,152,000.00 8 15,152,000.00
Launch Prop. Prod 537,500.00 8 4,300,000.00 8 4,300,000.00

LOX:CH4/kg 0.117 0.00 0.00 845,000.00 98,736.41
LOX/kg 0.125 614,786.96 76,848 0 0
CH4/kg 0.0875 465,213.04 40,706 355,000.00 31,062.50

Element Total 22,310,754.51 20,267,098.91
x1 22,310,754.51 x0.15 3,040,064.84

Overall weighted total 25,350,819.35

With 120 tonnes of payload delivered to the surface for every 25,350 tonnes of CO2 emitted, Space X
Con Ops 3 with this outbound:inbound ratio has an emissions ratio of 1:211.

We can also check if there are benefits to combining different distributions of inbound vs. outbound
payload to achieve a lower overall emissions ratio. Consider a first mission tasked with bringing lunar-
produced LOX to LEO. With 0 tonnes outbound payload and 260.3 tonnes of LOX brought back to
LEO, 27.8 million kilos of CO2 are emitted. For a subsequent mission that takes advantage of this
LOX in LEO, 190.7 tonnes of payload can be delivered to the lunar surface, but with a reduced CO2
footprint of 25.3 million kilos. The second mission, as expected, has a reduction in carbon emissions
ratio w.r.t. Con Ops 1 (with 1:139 emissions ratio Con Ops 1 outputs 26.5 million kg CO2 for 190.7
tonnes of payload). However, if the prior LOX-sourcing mission in included and the payload emission
ratio over the two is averaged, it raises to 1:280, a clear and unwanted increase in emissions.

If we breakdown the LOX production requirements for a single (190.7 tonnes outbound) mission within
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Con Ops 3 we get

• 216 tonnes of LOX are required in LLO per Starship cargo landing (where landing dry mass is
100 t structural, 190.7 t payload, and 78.9 t CH4 for LEO return).

• 180 tonnes of LOX required to place the previous 216 tonnes into LLO (with 498 t LOX required
for a full load of 597 t payload).

• 284 tonnes of LOX for Starship’s LEO return.

This totals 680 tonnes of LOX produced on the lunar surface per mission. A quick reference to the
ISRU plant sizing in subsection 7.4 we expect a relatively large total system mass required to achieve
this output. At its upper limit for outbound payload, Con Ops 3 has an emissions ratio of 1:133.
Its marginal (-1:6) reduction of the payload emissions ratio, combined with this large expected ISRU
system mass, remove it from further consideration within the break-even calculations17

8.2.4 Break-even Timeline

The relative carbon emissions savings between each of the Con Ops is outlined in Table 9.

Table 9: Relative reduction in payload emissions ratio between different Con Ops

Con Ops
1 2 3

Savings w.r.t. ConOps 1 N.A. -1:52 -1:6

Let us now consider the LOX production requirements for the ISRU plants outlined in Con Ops 2
and 3. Starting with Con Ops 2, each lunar-bound Starship mission requires 229 tonnes of LOX at a
LLO depot. Each lunar shuttle trip from the ISRU plant to the depot requires 1,095 tonnes of LOX
from the plant (378 t for the ascent, 120 t for the descent, and 597 t payload to orbit). Since each
inbound mission only requires 0.38 lunar shuttle trips (229/597), the plant must output 420 tonnes
of LOX per inbound mission. With a trip rate of 2/year, we require an ISRU plant that can produce
2.869 tonnes per day18. The resulting ISRU plant masses are outlined in Table 10 using plant sizing
estimates from subsection 7.4.

Table 10: SX: Estimated ISRU plant mass

Plant Efficiency
Plant Mass [tonnes]
Con Ops 2 Con Ops 3

Pessimistic 2,869.00 N.A.
Baseline 573.80 N.A.

Optimistic 286.90 N.A.

17This is further confirmed by looking ahead to the results of Con Ops 2’s break even calculations, where ≈ 60%
of the LOX output is required, the emissions ratio reduction is 8.6 times higher, and the break even point at baseline
efficiency is 5.5 years. We can quickly estimate Con Ops 3’s break even point with a baseline ISRU plant output would
be approximately 7 decades.

18One trip per 183 days, considering 20% plant downtime.
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Table 11: SX model emissions break even points: ConOps 2

Plant efficiency Total System Mass [tonnes] CO2 emissions [tonnes]
Break even point

Cargo [tonnes] Trips Years

Pessimistic 5,738.00 797,582.00 15,338.12 53 26.5
Baseline 1,147.60 159,516.40 3,067.62 11 5.5

Optimistic 573.80 79,758.20 1,533.81 6 3
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9 Blue Origin Model

The following section outlines the carbon emissions calculations associated with a lunar exploration
model based on that currently being developed by Blue Origin. In some instances, changes were made
w.r.t. their publicly stated architecture - it is clearly stated when this was done.

9.1 New Glenn Second Stage Calculations

In subsubsection 7.2.3 the calculations for the NGS1 were outlined. For NGS2 we need the propellant
mass, but additionally also the vehicle dry mass. NGS2 uses 2 BE-3U engines for a total stage thrust
of 1,060 kN. Engine data is not publicly available, but from images we can estimate an expansion
ratio of ≈ 80, making it comparable to the HM7B engine developed by Ariane19. We know the HM7B
has an Isp of 446 s, and other comparable rockets have values ranging from 440-450 s. If we take an
estimated Isp of 450 for the BE-3U we can again use Equation 4 to obtain a mass flow per engine
of 120 kg.s-1. When delivering payload to LEO, NGS2 has a burn time of 600 s, giving it a total
propellant mass of 144 tonnes (in its LEO delivery configuration) [177].

Given the orbital parameters of the parking/transfer orbits we can estimate a required ∆v of ≈ 2.4
km.s-1. With the stated 99 s burn used to transit from parking to transfer orbit [177], 23,760 kg of
propellant are required. Using Equation 1 we can calculate the ratio of initial mass to propellant mass
as 1.72. This allows us to estimate NGS2’s dry mass as 32.9 tonnes. If we subtract the stated 13.6
tonne payload it delivers to GTO, and account for a 1 tonne fuel reserve, we obtain a NGS2 structural
mass of 18.3 tonnes. Here we should note that in its payload-to-GTO configuration NGS2 requires
168 tonnes of propellant, not 144 tonnes.

9.2 Cislunar Transporter

Part of the Blue Origin architecture relies on a cislunar transporter (CT) currently being developed
by Lockheed Martin [186, 187, 188]. Publicly available mission architecture for Blue Origin depicts
only a single refuelling in LEO once New Glenn launches the CT into LEO [189]. Knowing New Glenn
is capable of launching 45 tonnes into LEO, and assuming that the second launch is fully dedicated to
refuelling the CT, we can assume that the total wet mass of the outbound CT from LEO is 90 tonnes.
This value is also reliant on the assumption that the 45 tonne payload of the second launch is all
propellant, an assumption that can be made by presuming a retrofit of NGS2 into a ’tanker variant’,
and presuming any additional structural mass is negligible w.r.t. its payload-to-LEO counterpart.
From here it is neccesary to estimate the dry mass of the CT to estimate its payload capacity. We
know it is a cryogenic propellant vehicle [186], and so can look at comparable vehicles (Appendix C).
Here we calculate an average dry:wet mass fraction of 11.4% (Table 23), and thus estimate the dry mass
of the CT as 10.4 tonnes, which we lower slightly to 10 tonnes assuming improvements in cryogenic
stage design. Thus, the CT is capable of carrying 80 tonnes of propellant, usable for both its own
propulsion and as deliverable payload.

9.3 BE-7 Engine

Both the Blue Moon lunar lander and the CT are planned to use the BE-7 engine currently under
development by Blue Origin [190]. It is a cryogenic propellant engine designed with high specific
impulse and reusability in mind. Its Isp is not publicly available, and so we estimate based on similar

19Both have similar expansion ratios and use the same cryogenic propellant mix, although the BE-3U uses an open
expander cycle whereas the HM7B uses a gas generator cycle. An overview of other hydrolox engines is available in
Appendix E.
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high-Isp engines of comparable class. The RS-25 engine developed by Aerojet Rocketdyne has powered
the Space Shuttle on all its 135 flights and is now used on the SLS [191]; it is also a cryogenic rocket
engine designed with high-Isp in mind. It has an Isp of 452 s in a vacuum. This is extremely close to
the theoretical maximum Isp for a LOX:LH2 propellant mix, where a maximum nozzle exit velocity
of 4462 m.s-1 gives an Isp of 455 s assuming a nozzle area ratio of 40:1 [192]. It is important to note
that these values are calculated under the assumptions of:

1. adiabatic combustion,

2. isentropic expansion,

3. one-dimensional expansion, and

4. shifting equilibrium [193]

As such, we assume an Isp for the BE-7 engine of 450 s.

9.4 Concept of Operations

Unlike the Space X model explored in section 8, the Blue Origin model uses significantly fewer orbital
refuellings in LEO. This is predominantly due to the reduced vehicle dry mass (from 100 tonnes for
Starship to either 16 or 18.3 tonnes for the Blue Moon lander and NGS2 respectively) which require
less propellant to deliver the same payload. There are several important point to be highlighted with
the Blue Origin mission architecture (as it is currently envisioned by NASA/Blue Origin). Firstly, is
that despite its life support capabilities (neccesary since it must ferry astronauts to the lunar surface
and back to Gateway), the Blue Moon lander does not carry astronauts to cislunar space nor does
it return them to Earth. All human transits from Earth to cislunar space are performed by the
Orion/European Service Module (ESM) architecture as outlined in the Artemis mission plans [189].
In both version of the concept of operations used for the Blue Origin architecture, the Gateway station
in NRHO is presumed to already be operational.

9.4.1 Con Ops 1

The first concept of operations considered for the Blue Origin model is that proposed by NASA for
the Artemis missions [189], visible in Figure 12. This is the concept of operations for the Blue Origin
mission architecture that does not implement ISRU-capabilities.
Here we encounter an incongruence between Blue Moon’s stated capabilities and its calculated per-
formance. A round-trip from Gateway’s NRHO to the lunar surface and back requires 5609 m.s-1

(Figure 2). Given the stated 16 tonne dry mass of the Blue Moon lunar lander (BMLL), this trip
would require an initial starting mass of just over 57 tonnes. However, the stated maximum wet mass
of BMLL is only 45 tonnes. Importantly, being a human-rated vehicle necessitates safety margins and
manoeuvring capabilities, increasing the propellant mass further. Therefore, we can only conclude
that either

1. The mission architecture is incomplete (in that an additional, currently undepicted, vehicle
performs an initial braking burn to lower the ∆v needed by the BMLL)

2. The BMLL dry mass is lower that currently stated or the wet mass is higher (given the wet:dry
mass ratio of 3.56 neccesary for the manoeuvre, a maximum dry mass of 12.6 tonnes is permissible
for the BMLL without exceeding the 45 tonne wet mass limit)

3. The propulsion architecture is significantly different to what is currently stated (with other
factors remaining unchanged, an Isp of at least 553 s is required).
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Figure 12: Blue Origin Model Concept of Operations 1

There are doubts related to each of these three solutions. The first seems unlikely, since not only is
the mission architecture already published, but also any vehicle that performs the braking burn will
crash into the lunar surface, making it a non-reusable part of the mission architecture which does not
fall into the Artemis design goal

NASA will work with Artemis providers to ensure spacecraft are built ... with as many
reusable components as possible for long-term sustainability at the Moon.

as outlined by NASA’s lunar exploration programme overview [194]. The third solution requires the
adoption of a different propulsion architecture, something that is unlikely to happen for reasons in-
cluding but not limited to (1) both the BMLL and CT are purposefully designed to use the same
engine, (2) a hydrolox propellant was selected for its compatibility with lunar ice ISRU, (3) despite
their significantly higher Isp, a move to nuclear engines would introduce additional operational risks,
and (4) electric propulsion does not provide the neccesary thrust. The second is likely to be the prob-
able solution as it entails the least operational hurdles - either an additional launch or two is required
in LEO to fully refuel the BMLL before leaving for cislunar space, or the BMLL is made lighter.
Therefore, for the purposes of a meaningful comparison, the dry mass of the BMLL was reduced to 10
tonnes, which allows us to also consider some payload delivery capabilities to the lunar surface from
NRHO without exceeding the 45 tonne wet mass limit.

Here there are also some additional considerations to make. The first is that NGS2 is incapable of
delivering the BMLL to a NRHO. However, a fully fuelled BMLL is capable of making the 3350 m.s-1

transit from LEO-NRHO. This requires 23.9 tonnes of propellant, and in addition to its own 10 tonne
dry mass can deliver 11.1 tonnes of payload to NRHO. Simultaneously, the CT makes the trip from
LEO-NRHO fully loaded with 80 tonnes of propellant. Of those 80 tonnes, 47.88 tonnes are required
as propellant, leaving 32.12 tonnes as deliverable payload to NRHO. Of this 32.12 tonne propellant
payload delivered to NRHO, 23.9 tonnes can be resupplied to the BMLL, returning it to its fully-
fuelled configuration. This also leaves 8.22 tonnes in NRHO as additional payload that can be used
for a multitude of purposes such as the resupply of consumables, Gateway maintenance/expansion,
and cislunar satellite delivery.
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We can now calculate the payload deliverable to the lunar surface by a single round trip mission of the
BMLL. As outlined in Figure 5, we first consider the final manoeuvre, where an empty BMLL returns
to NRHO. With a 10 tonne vehicle, this requires 8.15 tonnes of propellant. If on the preceding descent
the BMLL carried this neccesary propellant as payload, the effective dry mass of the vehicle would
have been 18.15 tonnes, which means to achieve the required ∆v the vehicle would have needed 17.49
tonnes of propellant. This would have given the departing vehicle a wet mass of 35.64 tonnes, almost
10 tonnes lighter than its maximum capacity. By employing the multiple-manoeuvre algorithm, the
maximum lunar-bound payload from NRHO was calculated to be 4.76 tonnes per BMLL round-trip.

Finally, we consider the different elements required per mission type. Here we looked at a reusable
CT that returns to LEO following the refuelling of the BMLL in NRHO. This return to LEO by the
CT requires 11.37 tonnes of propellant, which means there are 3.15 tonnes of propellant that need
to be sourced from somewhere (8.22 of the 11.37 can be taken from the propellant delivered on the
outbound trip). Let us assume that these 3.15 tonnes of propellant have been already placed into
NRHO by some previous mission20. Now that the CT is capable of returning to LEO, subsequent
missions benefit from a reduction in MoC, but not in a reduction in launches, since two NG launches
are still required to fully refuel the CT. Given that 90 tonnes will be put into LEO with those two
launches, let us presume the CT is also capable of transporting these additional 10 tonnes of payload
w.r.t. its initial LEO-NRHO trip. This increases its deliverable propellant payload to NRHO to 36.81
tonnes, which also increases the surplus (post BMLL refuel) propellant to 12.91. With this increase,
future CT returns to LEO are now possible, closing the case.

We subsequently outline the elements required per mission type (Figure 13). The first is the initial
mission. Two variations of the cargo missions are depicted, one fully autonomous and one that
requires an accompanying human crew. The fourth is a human mission with no cargo-dedicated
BMLL travelling from LEO-NRHO.

Figure 13: BO Con Ops 1 - elements required per mission type

20Somewhat sketchy but neccesary to continue without modifying the architecture - maybe a small disposable tank
has been sent beforehand.
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9.4.2 Con Ops 2

The second concept of operations considered for the Blue Origin model is a variation of Con Ops
1 where an ISRU capability has been introduced both on the Lunar surface and in cislunar space.
Here it is assumed that an ISRU plant and the accompanying infrastructure (cislunar depot, resupply
shuttle, power generation, feed stock collection etc.) are already operational. It is also assumed that
the landing accuracy of the Blue Moon lander is sufficiently high to allow for precision landings on the
lunar surface, that in turn allow for surface refuelling when near the ISRU plant. This architecture is
shown in Figure 14.

Figure 14: Blue Origin Model Concept of Operations 2

Here, different mission operations have been separated by colour and numbered to allow us to more
clearly follow the composition of different vehicles. Let us consider the composition of the BMLL
throughout the mission. Figure 15 shows the different composition as the mission progresses. Pro-
pellant resupply in NRHO and oxidiser resupply on the lunar surface are shown at points 2 and 4
respectively. The composition chain of the BMLL shown in Figure 15 depicts its role as both a cargo
delivery vehicle to the lunar surface and also its capability to deliver lunar-produced LOX to a NRHO
depot such as Gateway.

Within Con Ops 2 we also make the assumption that an ISRU plant has already been set up and is
operational. An element of this operational ISRU plant on the lunar surface is a lunar shuttle (likely to
be a surplus BMLL from when the plant was delivered). This lunar shuttle is tasked with resupplying
a NRHO depot with lunar-ISRU produced oxygen. To facilitate these multiple operations, LH2 is
taken from the orbital depot. Again, the iterative procedure outlined in subsubsection 7.3.2 was used
to converge on a solution that maximised the payload delivery to NRHO whilst allowing the shuttle
to perform a return trip. We calculated a maximum payload of 4,144 kg per lunar shuttle trip. The
mass distributions for the two trips are shown alongside the landers in Figure 16. Note that the LH2
used for the ascent (1) is the same brought down as payload in (2), and that the LOX brought up as
payload in (1) is the same as the LOX used for descent in (2).

To allow inbound BMLL to fully refuel in NRHO, and to allow the lunar shuttle to perform its resupply
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Figure 15: BO Con Ops 2 - BMLL composition over mission stages

Figure 16: BO Con Ops 2 - LS composition over mission stages

trips from the surface ISRU plant, there must be a supply of LH2 in NRHO. Given the availability
of lunar-produced LOX, the CT can be repurposed to deliver only LH2 from LEO to NRHO. In this
configuration, the CT returns empty from NRHO to LEO, and sources the LOX it needs for the
outbound trip from a terrestrial source. This choice in architecture was made to reduce the propellant
required on the return trip, and maximise the LH2 delivery to NRHO. The mass distributions for the
two trips are shown alongside the CT’s in Figure 17.
From Figure 16 we can see that each lunar shuttle trip drains an LH2 orbital depot of 4,661 kg. From
Figure 17 we can see that each CT trip resupplies a depot with 30,501 kg of LH2, meaning that one
CT resupply is required per 6.54 NRHO depot resupply trips. In turn, those 6.54 trips can bring
27,117 kg of lunar-produced LOX to a NRHO depot.

Now we consider the BMLL that performs the cargo mission. In order to maximise the descent
payload, we assume that it returns empty and thus only has to carry 1,164 kg of LH2 as descent
payload to then perform the ascent back. Fully loaded, the BMLL requires 22,078 kg of propellant to
land on the lunar surface, leaving 22,922 kg for dry/payload. If 11,164 is already fixed, each BMLL can
deliver 11,758 kg of payload to the lunar surface. This confirms, as expected, that an ISRU capability
augments payload delivery.
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Figure 17: BO Con Ops 2 - CT composition over mission stages

9.5 Carbon Dioxide Emissions

With the concept of operations outlined for non-ISRU and with-ISRU cases, we can calculate the
payload emissions ratio for each. From there, we can begin to see what the effect of ISRU capabilities
are on the carbon emissions, and make preliminary estimates as to the break-even timeline.

9.5.1 Con Ops 1

Let us recall that within ConOps1, the maximum deliverable payload to the lunar surface per BMLL
is 4.76 tonnes. To consider all three CO2 emissions sources as outlined in subsection 7.2 we also had
to make some additional estimates. The first is that New Glenn’s design is comparable to Starship’s,
and that as such we can use Starship’s dry:propellant ratio as an indicator. This 1:12 ratio gives us a
dry mass of 95.83 tonnes for NGS1 when considering 1150 tonnes of propellant. We increase this to
100 tonnes to account for the reduced mass of NGS1 w.r.t. Starship. There are also some estimates
to be made regarding the SLS/Orion architecture. SLS has a core section and two boosters; the core
carries 2,000,000 litres of liquid hydrogen and 742,000 litres of liquid oxygen, giving it a propellant
mass of 988.3 tonnes [195]. With a core wet mass of 1088 tonnes, its dry mass is approximately 100
tonnes. Each SLS booster burns propellant at a rate of 5500 kg.s-1 for two minutes. This gives each
booster an approximate propellant mass of 660 tonnes, and knowing the boosters wet mass of 726
tonnes, allows us to deduce a dry mass of 66 tonnes each. The CM and ESM dry masses are 9,300 kg
and 6,185 kg respectively, and the Orion module has 8,550 kg of propellant [196]. The two boosters in
SLS use solid fuel called PBAN, the manufacturing of which (at large scale) is not well documented
in public literature. As such, we roughly estimate an emissions of 500 tonnes to produce the 1,320
tonnes of PBAN required for both boosters. A summary of the carbon emissions per mission element
is available in Table 12.

Now let us consider the payload:emissions ratio for such an architecture. Each one is capable of de-
livering 4.76 tonnes of payload to the lunar surface. If all mission elements were fully reusable, only
the initial mission would require the launch of a CT, and all subsequent cargo missions could use the
nth cargo mission elements. This would mean that the additional 3.7 million kg of CO2 emitted from
launching a CT and SLS/Orion combination on the first mission would then be shared over subsequent
missions. However, there is likely to be a reusability limit for each element. As such, we compare the
payload emissions ratio for different reusability levels.
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Table 12: BO Con Ops 1: Carbon Dioxide emissions per mission variation

Elements 1st Mission Cargo Human Cargo Var

Name
CO2 emissions

Quantity
CO2 emissions

Quantity
CO2 emissions

Quantity
CO2 emissions

Quantity
CO2 emissions

[kg] [kg] [kg] [kg] [kg]

NGS1 MoC 685,300.00 1 685,300.00 0 0.00 0 0.00 0 0.00
NGS2 MoC 125,409.00 3 376,227.00 3 378,000.00 2 252,000.00 3 378,000.00
NGS1 Burn 439,300.00 3 1,317,900.00 3 1,317,900.00 2 878,600.00 3 1,317,900.00

NGS1 PropProd 134,550.00 3 403,650.00 3 517,500.00 2 345,000.00 3 517,500.00
NGS2 PropProd 51,408.00 3 154,224.00 3 147,600.00 2 98,400.00 3 147,600.00

CT MoC 68,530.00 1 68,530.00 0 0.00 0 0.00 0 0.00
BMLL MoC 68,530.00 1 68,530.00 1 67,400.00 0 0.00 1 67,400.00
LOX:LH2/kg 0.357 80,000.00 28,560.00 90,000.00 32,130.00 90,000.00 32,130.00 90,000.00 32,130.00

35,000.00 11,970.00 35,000.00 11,970.00 35,000.00 11,970.00
SLS Core MoC 685,300.00 1 685,300.00 0 0.00 1 685,300.00 1 685,300.00

SLS Booster MoC 904,596.00 1 904,596.00 0 0.00 1 904,596.00 1 904,596.00
SLS Core PropProd 352,823.00 1 352,823.00 0 0.00 1 352,823.00 1 352,823.00

SLS Booster PropProd 500,000.00 1 500,000.00 0 0.00 1 500,000.00 1 500,000.00
SLS Burn 538,000.00 1 538,000.00 0 0.00 1 538,000.00 1 538,000.00
Orion MoC 106,118.00 1 106,118.00 0 0.00 1 106,118.00 0 0.00

Orion PropProd 3,052.00 1 3,052.00 0 0.00 1 3,052.00 1 3,052.00

Total 6,204,780.00 2,472,500.00 4,696,019.00 5,456,271.00

Table 13: BO Con Ops 1: Payload Emissions Ratio

Reusability Payload:Emissions
# trips Cargo Cargo Var

5 1 : 676 1 : 1,178
10 1 : 598 1 : 1,162
30 1 : 546 1 : 1,152
50 1 : 535 1 : 1,149

As is evident from Table 13, the payload emissions ratios are higher for the Blue Origin model than
for the Space X model.

9.5.2 Con Ops 2

Within the concept of operations there is not a clear block structure per mission - i.e. mission elements
are not aligned as depicted in Figure 13. In order to calculate a payload emissions ratio, we consider
the elements neccesary to facilitate the delivery of one fully-loaded BMLL to the lunar surface (11,758
kg payload). However, in it’s transit from LEO-NRHO, a BMLL has a maximum payload of only
11,063 kg. Given this bottleneck in payload delivery to NRHO, the maximum deliverable payload per
BMLL in ConOps 2 is reduced from 11,758 kg to 11,063 kg. From the NRHO depot, 18,925 kg of
LOX are required in addition to 4,318 kg of LH2. We assume the LH2 is available in NRHO since it is
required by the lunar shuttle resupplying the depot from the ISRU plant. To source the 18,925 kg of
LOX needed for the descent, 4.6 lunar shuttle trips are required. These 4.6 lunar shuttle trips require
21,441 kg of earth-sourced LH2, which in addition to the 4,318 kg needed by the BMLL for descent to-
tals 25,759 kg of LH2 required in NRHO per cargo mission. Each CT trip from LEO can supply 30,501
kg of LH2, meaning 0.84 CT trips are required per cargo delivery. By considering a fractional contri-
bution of this resupply trip we can better represent the carbon emissions required per BMLL mission
to the lunar surface. Table 14 shows this breakdown of carbon emissions per cargo BMLL mission to
the surface, assuming a NGS1 is available and a CT is in orbit performing refuellings to cislunar space.

We can thus calculate the payload emissions ratio for ISRU-enabled mission architectures using the
Blue Origin architecture.

Note here that a SLS/Orion launch represents a 25% increase of CO2 emissions w.r.t. a BMLL/double
refuel mission. Clearly, any mission architecture using SLS/Orion will have a significantly higher pay-
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Table 14: BO Con Ops 2: Carbon Emissions per mission element

Elements BMLL Launch x2 LEO Resupplies to CT

Name
CO2 emissions

Quantity
CO2 emissions

Quantity
CO2 emissions

[kg] [kg] [kg]
NGS1 MoC 685,300.00 0 0.00 0 0.00
NGS2 MoC 125,409.00 1 125,409.00 2 250,818.00
NGS1 Burn 439,300.00 1 439,300.00 2 878,600.00

NGS1 PropProd 134,550.00 1 134,550.00 2 269,100.00
NGS2 PropProd 51,408.00 1 51,408.00 2 102,816.00

CT MoC 68,530.00 0 0.00 0 0.00
BMLL MoC 68,530.00 1 68,530.00 0 0.00
LH2/kg 1.75 0 0.00 80,000.00 140,000.00

LOX:LH2/kg 0.357 23,936.00 8,545.15 0 0.00
SLS Core MoC 685,300.00 0 0.00 0 0.00

SLS Booster MoC 904,596.00 0 0.00 0 0.00
SLS Core PropProd 352,823.00 0 0.00 0 0.00

SLS Booster PropProd 500,000.00 0 0.00 0 0.00
SLS Burn 538,000.00 0 0.00 0 0.00
Orion MoC 106,118.00 0 0.00 0 0.00

Orion PropProd 3,052.00 0 0.00 0 0.00
Element Total 827,742.15 1,641,334.00

x1 827,742.15 x0.84 1,378,720.56
Overall Weighted Total 2,206,462.71

Table 15: BO Con Ops 2: SLS/Orion Launch Emissions

Elements SLS/Orion

Name
CO2 emissions

Quantity
CO2 emissions

[kg] [kg]
SLS Core MoC 685,300.00 1 685,300.00

SLS Booster MoC 904,596.00 1 904,596.00
SLS Core PropProd 352,823.00 1 352,823.00

SLS Booster PropProd 500,000.00 1 500,000.00
SLS Burn 538,000.00 1 538,000.00
Orion MoC 106,118.00 1 106,118.00

Orion PropProd 3,052.00 1 3,052.00
Total 3,089,889.00

Table 16: BO Con Ops 1: Payload Emissions Ratio

Payload:Emissions
Cargo Cargo Var

1:199 1:411

load emissions ratio, as evident in Table 1621.

9.5.3 Break-even Timeline

Recall the estimates for ISRU plant sizing presented in subsection 7.4. For our preliminary prediction
of the break-even timeline, we look at the scenario depicted in Figure 14, where the plant must refuel
the neccesary LOX to the lunar shuttle servicing the depot, and also refuel the neccesary LOX for the
BMLL to return to NRHO. In this scenario the LOX requirements at the orbital depot are:

21Refer to Figure 13 for clarification on Cargo and Cargo Var mission composition.
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• 18,925 kg for the BMLL descent from NRHO to the lunar surface

and thus the LOX requirements on the Lunar surface are:

• 6,984 kg for the BMLL ascent from the lunar surface to NRHO

• 127,730 kg to perform the 4.6 lunar shuttle trips needed to place the neccesary LOX into NRHO

If we assume a trip rate of 2/year, we require an ISRU plant that can produce 1,049 kg of LOX per
day22. The resulting ISRU plant masses for both scenarios at three different efficiency levels are shown
in Table 17.

Table 17: BO: Estimated ISRU plant mass

Plant efficiency Plant Mass [tonnes]

Pessimistic 1,049.00
Baseline 209.8

Optimistic 104.90

We also make the assumption that the mass required for power generation and regolith feed stock
collection is equal to the plant mass, and that the setup of the plant does not use ISRU capabilities
(Concept of operations 1). Recalling that per BMLL in Con Ops 1, 4.76 tonnes can be delivered to
the lunar surface, we can calculate the CO2 emissions of each plant setup, and knowing the relative
emissions savings when moving from non-ISRU to ISRU-augmented missions, can calculate the point
of emissions break even. Assuming mission elements can be used ten times before being replaced, Con
Ops 1’s payload emissions ratio is 1:598 and Con Ops 2’s ratio is 1:214. This represents a -1:384 (64%)
savings in carbon emissions.

Table 18: BO model emissions break even points

Plant efficiency Total System Mass [tonnes] CO2 emissions [tonnes]
Break even point

Cargo [tonnes] Trips Years

Pessimistic 2,098.00 1,254,604.00 3,267.20 295 148
Baseline 419.6 250,920.80 653.44 59 29.5

Optimistic 209.80 125,460.40 326.72 30 15

Table 18 outlines the calculated break even points in cargo mass, number of trips, and years23 for the
carbon emissions related to setting up ISRU capabilities on the lunar surface. It shows that, with a
Blue Origin architecture, even optimistic ISRU plant throughputs require 15 years to achieve a carbon
emissions breakeven.

22One trip per 183 days, considering 20% plant downtime.
23Assuming bi-annual BMLL trips.
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10 Larger Cislunar Architecture

The system sizing for calculations within this section on larger cislunar architecture were based on
the relationships between system mass and total mass as defined by an analysis of currently existing
launch systems [197]. Unlike previous sections (section 8 and 9), both the dry mass of the tug and
the mass of the payload tanks were not treated as constant but instead modified to be related to
propellant and payload mass.

We can identify a minimum of two systems neccesary to form a cislunar transportation network:
a tug to bring payload between LEO and NRHO, and a lunar shuttle that supplies a NRHO depot
with LOX payload. As discussed in subsection 7.1, for use within missions with low time-criticality
we explored the use of WSB orbits and in particular, ballistic lunar transfers (BLT’s). BLT’s are of
particular interest for our investigation into larger cislunar architecture given the extremely low ∆v
required in cislunar space for both departing and entering NRHO [198, 165].

10.1 LEO-NRHO tugs

We chose NRHO as the parking orbit for the initial cislunar depot due to the very low ∆v required to
enter a disposal orbit with targeted Earth impact (as low as 10 m.s-1)[198]. The flight time of these
disposal orbits is not listed in the reference literature, but given their resemblance to BLT’s and the
assumption they have similar flight times in reverse, we can estimate a time of flight for a return to
LEO from NRHO via WSB disposal orbits to be approximately 80-130 days [198, 165].

Figure 18: Delivery ratio with increasing payload mass

The values presented in Figure 18 were calculated using a lunar shuttle dry:wet mass ratio of 0.1.
Although not constant, Figure 18 shows that the delivery ratio is not significantly impacted by the
quantity of outbound payload per tug round-trip from NRHO to LEO. Henceforth we introduce a
quasi-static assumption regarding the payload size per tug trip from NRHO to LEO, and take 250
tonnes as our payload mass per trip.

10.2 Lunar Shuttles

By keeping the outbound payload to LEO constant at 250 tonnes, we can investigate the effect of
changing the dry:wet mass ratio of the lunar shuttle. Figure 19 shows how the quantity of LOX
produced on the surface to the moon decreases for the same delivery to LEO when the dry:wet mass
ratio of the lunar shuttle is reduced.

Here we can see that a lunar shuttle mass ratio of above 0.19 is not feasible, and results in a negative
mass delivery ratio (i.e. mission does not work; rocket goes kerplunk). We can also see that even if
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Figure 19: Delivery ratio with increasing dry:wet mass ratio of a lunar shuttle

the dry mass of the system is negligible (0 kg rocket, only propellant for propellant) the maximum
achievable delivery ratio is still only 0.34 or 0.41 for hydrolox and methalox respectively. Clearly,
any larger cislunar architecture utilising traditional chemical propulsion requires an ISRU plant who’s
majority output is not deliverable (and thus sellable) LOX, but is instead LOX used to facilitate
cislunar transports. In any case, a mass ratio on the order of 0.19 is not yet technically feasible, with
Appendix F giving an overview of lunar landers to date.
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11 Mars

For our consideration of Mars ISRU-enabled cargo delivery, we consider an initial Con Ops identical to
that presented in Figure 6, with the final destination as Mars instead of the Moon. The ISRU-enabled
architecture under consideration for Mars is shown in Figure 20, and is very similar to that discussed
in Space X’s Con Ops 2 (subsubsection 8.1.2), except without the recurring resupply of fuel from
Earth.

Figure 20: Mars mission Concept of Operations

11.1 Emissions

Consider a direct trip from LEO to the Mars in the 2024 launch window. Using Starship and modi-
fying its dry mass to account for a 10 tonne thermal protection system designed for both aerocapture
and atmospheric descent [199, 200], 110 tonnes of payload can be sent to the Martian surface. Like
Space X Con Ops 1, this mission requires an initial launch of a Starship into LEO carrying 250 tonnes
of payload and some propellant, and 7 additional launches of a tanker to fully refuel the outbound
Starship. The carbon emissions associated with this are identical to those outlined in Table 6. Thus
for 22,315 tonnes of carbon emissions 110 tonnes of payload can be delivered to the martian surface,
giving a direct-to-Mars Starship mission a payload emissions ratio of 1:203.

Let us now consider an ISRU architecture similar to that shown in Figure 7, where an outbound
Starship can refuel in low orbit before its final descent. Although the reduction in ∆v for the mission
leg departing from LEO is still present by not going directly for a landing, it is much less w.r.t. a lunar
architecture given the atmospheric landing opportunity on Mars. Nonetheless, reducing the neccesary
∆v from 6,620 to 5,820 m.s-1 allows for a payload increase to 162.6 tonnes. Since both components
of Methalox can be produced in-situ on Mars, there is no need to account for emissions related to
a resupply of fuel to a low Mars orbit (LMO) depot. As such, the carbon emissions related to the
ISRU-enabled mission remain the same as Space X Con Ops 1 and the associated payload emissions
ratio is reduced to 1:137.
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11.2 Break-even Timeline

As in previous sections, we first need to establish the propellant requirements needed both on the
Martian surface and in LMO. Arriving with 162.6 tonnes of payload, Starship requires 69.3 tonnes of
propellant refuelled in LMO to perform its descent24. Similar to section 8 and 9, we can optimise the
composition of a surface shuttle to maximise delivery of propellant to orbit.

Figure 21: Mars surface shuttle composition

Figure 21 shows the optimised payload of a Martian surface shuttle. Unlike previously discussed shut-
tles, this one does not require any orbital refuel for its own descent, and instead carries all neccesary
propellant from its initial surface launch. We calculate a propellant payload per shuttle trip of 269
tonnes. Per shuttle trip, a surface based Martian-ISRU plant must produce 1,190 tonnes of methalox
propellant. Since each inbound Starship requires 0.26 shuttle trips, the propellant production require-
ment per trip is 309 tonnes.

Mars transfer windows open approximately once every 26 months and thus Mars arrivals are staggered
by such. Assuming one inbound cargo mission per transfer window, surface methalox production rates
need to be 495 kg.day-125. Utilising subsection 7.4 we obtain the following plant masses.

Table 19: Mars: Estimated ISRU plant mass

Plant efficiency Plant Mass [tonnes]

Pessimistic 495.00
Baseline 99.00

Optimistic 49.50

Here we again assume that the total system mass is composed of plant + power generation + feedstock
collection systems, and that it is equal to double the plant mass. With a payload emissions reduction
of -1:66, we calculate the following break even timeline estimates for different plant efficiencies.

24Assume a Raptor engine Isp reduction from 380 s to 360 s to account for atmospheric conditions.
25Again assuming a 20% plant downtime.
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Table 20: Mars emissions break even points

Plant efficiency Total System Mass [tonnes] CO2 emissions [tonnes]
Break even point

Cargo [tonnes] Trips Years

Pessimistic 990.00 200,970.00 3,045.00 19 41.2
Baseline 198.00 40,194.00 609.00 4 8.7

Optimistic 99.00 20,097.00 304.50 2 4.3

11.3 Additional Considerations

Like its lunar counterpart, the use of Starship combined with an optimistic plant efficiency would allow
relatively few initial cargo launches to be required for ISRU plant setup. In particular, given the lower
propellant production rate required w.r.t. the lunar case, this Mars mission architecture requires only
two initial cargo launches, from which one Starship can be used as a surface shuttle and the other
as an orbital depot location. This reduction of initial cost w.r.t. the lunar case is on account of the
aerobraking capabilities for inbound missions to Mars, and the absence of a Starship refuel-for-ascent
requirement. If we begin to consider human missions, the ISRU plant production rate requirements
will rise, bringing the break even time with it.
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12 Results

Within the Space X model several important results can be observed, The first is that at current plant
output:mass ratios not only is an extremely large initial mass required, but it also takes close to three
decades to break even. Furthermore, the 36 initial launches neccesary to deliver the required plant
mass to the lunar surface would undoubtedly dissuade even the most keen of investors. By increasing
the plant efficiency, however, we can see that not only does the break even time fall to half a decade
(or even only three years in the optimistic case) but that also the number of initial launches required
to set-up the plant drops to 8 (or 4 if optimistic). This undoubtedly drops the initial cost and raises
the likelihood of investment.

The Blue Origin model, with its very low payload to the lunar surface for non-ISRU enabled mis-
sions, is unlikely to be adopted for the set-up of a surface plant. At current output:mass ratios the
two-tonne ISRU plant would require 524 initial launches; clearly unfeasible. Additionally, even at
optimistic plant output:mass ratios, the 210 tonnes of mass required by the ISRU plant would still
require 53 trips; also unfeasible. The culprit is the low payload delivery per mission in the Blue Origin
model. Even with ISRU capabilities, its payload per mission is approximately 3.7% of a Starship mis-
sion (11 tonnes vs. 292 tonnes) utilising similar ISRU-enabled architecture. Interestingly, the entire
system mass required for a Blue Origin ISRU architecture can be delivered by one disposable and one
returning Starship (1x SX Con Ops 1 + 1x SX Con Ops 3), meaning that a combination of launch
systems could be used to quickly establish ISRU capabilities on the lunar surface. Although this
will not facilitate Starship-level ISRU architecture, it would allow for a stand-alone lunar shuttle in
the form of a BMLL, allowing for frequent human transport to-and-from the lunar surface to Gateway.

With the limited thrust-to-weight available from electric propulsion it is clear that, at least for the
ascent to LLO/NRHO, chemical propulsion is required. We see that the amount of LOX required
to facilitate a larger cislunar refuelling network is highly dependent on the dry:wet mass ratio of the
lunar ascender, and that the upper limit is fixed at 0.19 regardless of propellant type. Furthermore,
even with a mass-less ascender, more LOX is required as propellant than can be delivered to LEO (de-
livered:consumed is 35:65 for hydrolox and 40:60 for methalox). This is an unavoidable cost resulting
from the unending tyranny of the rocket equation, but it can be mitigated by reducing the dry mass
of our shuttle and increasing its payload capacity.

When considering the Mars architecture we can see the reduced plant output requirements that come
from having aerobraking capabilities on the descent. Furthermore, the reduced ISRU plant require-
ments for Mars mission architectures also bring the break even time within very reasonable values.
Considering a baseline plant output:mass ratio, only two initial cargo trips to the surface are required,
after which break even is achieved within nine years. With an optimistic estimate of plant efficiency,
this is reduced to one initial launch and break even within five years. These results, like within the
assessment of lunar architecture, stress the importance of continued research into ISRU technology,
particularly in increasing their efficiency.
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A LUNAR REGOLITH COMPOSITION

A Lunar Regolith Composition

Below is a collection of data regarding the chemical composition of lunar soil/regolith. The average
values, and upper/lower bounds are summarised in the table below.

Table 21: Chemical composition of lunar soil samples

Element Compound Average wt% Lower bound Upper bound

- SiO2 44 39 49
Si - 21 18 23
- Al2O3 19 6 34
Al - 10 3 18
- FeO 11 1 22
Fe - 9 0 17
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B UPCOMING MARS TRANSFER WINDOWS

B Upcoming Mars Transfer Windows

The following values for upcoming Mars transfer windows are sourced from a NASA JPL analysis[201].

Table 22: Mars transfer windows from 2011-2073

Page 82 of 86



C PREVIOUSLY CONSTRUCTED CRYOGENIC STAGE MASSES

C Previously Constructed Cryogenic Stage Masses

The following is a mass breakdown of previously constructed cryogenic (LOX/LH2) stages [197].

Table 23: Cryogenic Propellant Stage Masses

Total Mass Propellant Mass Dry Mass Engine Mass Structural Mass
Stage

[kg] [kg] [kg] [kg] [kg]
Dry:Wet Ratio

S–IV 50580 45360 5220 6x131 4430 0.103203
S–IVB 117870 106125 11745 1x1,438 10307 0.099644
S–II 490780 451730 39050 5x1,438 31860 0.079567

Centaur C 15558 13604 1954 2x131 1692 0.125595
Centaur D/E 16258 13627 2631 2x131 2369 0.161828
Centaur I 15558 13880 1678 2x141 1396 0.107854
Centaur II 18833 16778 2055 2x141 1773 0.109117
Centaur IIA 19073 16778 2295 2x168 1959 0.120327
Centaur G 23877 21105 2772 2x141 2490 0.116095
Centaur 3A 18710 16805 1905 1x167 1738 0.101817
Centaur 3B 22956 20829 2127 2x167 1793 0.092656
Centaur V1 22825 20799 2026 1x167 1859 0.088762
Centaur V2 23050 20800 2250 2x167 1916 0.097614
Ariane H–8 9678 8221 1457 1x149 1308 0.150548
Ariane H–10 12000 10400 1600 1x155 1445 0.133333
Ariane H–10+ 12310 10740 1570 1x155 1415 0.127539
Ariane H–155 170800 158100 12700 1x625 12075 0.074356
Ariane H–173 186000 173300 12700 1x811 11889 0.06828
Ariane ESC–A 16500 14400 2100 1x155 1945 0.127273
Ariane ESC–B 27500 24100 3400 1x280 3120 0.123636

CZ H–8 10500 8500 2000 4x236 1056 0.190476
CZ H–18 21000 18200 2800 2x550 1700 0.133333

Japan H–1–3 10600 8800 1800 1x245 1555 0.169811
Japan H–2–1 98100 86200 11900 1x1,714 10186 0.121305
Japan H–2–2 16700 14000 2700 1x242 2458 0.161677
Japan H–2A–1 113600 100000 13600 1x1,800 11800 0.119718
Japan H–2A–2 19600 16600 3000 1x269 2731 0.153061

GSLV–3 14600 12400 2200 1x282 1918 0.150685
Delta 3–2 19300 16824 2476 1x301 2175 0.12829
Delta IV–1 226400 199640 26760 1x6,597 20163 0.118198
Delta IV–2 24170 21320 2850 1x301 2549 0.117915
Delta IVH–2 30708 27220 3488 1x301 3187 0.113586

Energia 905000 820000 85000 4x3,450 71200 0.093923
Shuttle ET 747974 721212 26762 0 26762 0.035779
Ares–I US 151400 138000 13400 1x2,472 10928 0.088507

Ares–V Core 1761253 1603630 157623 6x6,747 117141 0.089495
Ares–V EDS 278460 254193 24267 1x2,472 21795 0.087147

Direct 2.0 Core 808687 735360 73327 3x6,747 53086 0.090674
Direct 2.0 EDS 381500 359065 22435 2x2,472 17491 0.058807

Average Ratio 0.113626
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D PREVIOUS ISRU PLANT SIZING

D Previous ISRU plant sizing

Table 24: Mass and power estimated for an Mars ISRU plant [181]

 

Mission Name 

Propellant 

Produced (mt) 

ISRU Plant 

Mass (mt) 

Mass Seed 

Hydrogen (mt) 

Mass To 

Surface Saved 

(mt) 

Mass In LEO 

Saved (4:1) 

(mt) 

Bimodal NTR [26] 39.5 2.4 4.1 33.0 132.1 

DRM 3 [27] 39.0 3.9 5.4 29.7 118.8 

DRM 3 [28] (cache + 

rover fuel) 6 types 
101.4 3.9-10.8 4.4-10.4 42.8-60.1 171.0-240.5 

Mars Direct [29] 108 ~6 6 96 384 

  

Table 25: Mass and power estimated for a Mars ISRU plant [182]

Plant Component Production Rate
(per day)

Component Mass
(kg)

Component Power
(kWe)

Compressor 269.7 kg 716 4.09

CO2 Electrolysis 53.2 kg 2128 63.31

Sabatier 22.9 kg 504 1.15

H2O Electrolysis 27.8 kg 778 0.00

Buffer Gas Extraction 8.7 kg 23 0.13

Cryogenic Coolers 84.8 kg 653 3.59

Table 26: Mass and power estimated for a Mars ISRU plant [183]

   40

  
Quantity

Unit Mass 

(kg) 

Total Mass 

(kg) 
Volume (m3)  Power (kWe) 

Atmospheric Acquisition Subsystem 2 -                492.12          0.66              17.86            

Filter/Frit 4 0.10              0.40              -                -                

Microchannel CO2 Adsorption Pump 4 57.50            230.00          0.01              17.86            

check Valve 8 0.10              0.80              -                -                

Buffer gas pump 4 1.23              4.92              0.00              0.00              

Isolation Valve 8 0.50              4.00              -                -                

Buffer gas tank 1 250.00          250.00          0.60              -                

Flow Controller 4 0.50              2.00              -                -                

Oxygen Generation System 2 -                38.80            0.10              2.59              

Solid Oxide Electrolysis Stack 2 17.00            34.00            0.05              2.59              

Isolation Valve 8 0.50              4.00              -                -                

Filter/Frit 4 0.10              0.40              -                -                

check Valve 4 0.10              0.40              -                -                

Liquefaction Subsystem 1 -                34.60            0.10              3.26              

Hydrogen Cooler 2 10.60            21.20            0.01              0.34              

Methane Cooler 2 1.20              2.40              0.01              0.02              

Oxygen Crycooler 2 5.50              11.00            0.03              2.90              

ISRU System (each) - -                565.52          0.86              23.71            
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E CURRENT HYDROLOX ENGINES

E Current Hydrolox Engines

Table 27: Overview of currently developed hydrolox rocket engines

RL-10 [202] HM7B [203] Vinci [204] KVD-1 [205]

Country of origin United States France France Soviet Union
Thrust (vac.) 66.7 kN (15,000 lbf) 62.7 kN 180 kN 69.6 kN
Mixture ratio 5.5:1 or 5.88:1 5.0 5.8 -
Nozzle ratio 40 83.1 - -
Isp (vac.) 433 444.2 465 462

Chamber pressure (MPa) 2.35 3.5 6.1 5.6
LH2 TP (rpm) - - 90,000 -
LOX TP (rpm) - - 18,000 -
Length (m) 1.73 1.8 2.2∼4.2 2.14

Dry mass (kg) 135 165 550 282

CE-7.5 [206] CE-20 [207] YF-73 [208] YF-75 [208]

Country of origin India India China China
Thrust (vac.) 73 kN 186.36 kN 44.15 kN 83.585 kN
Mixture ratio - 5.05 5.0 5.2
Nozzle ratio - 100 40 80
Isp (vac.) 454 442 420 438

Chamber pressure (MPa) 5.8 6.0 2.59 3.68
LH2 TP (rpm) - - - 42,000
LOX TP (rpm) - - - -
Length (m) 2.14 - 1.44 2.8

Dry mass (kg) 435 558 236 245

YF-75D [209] RD-0146 [210] ES-702 ES-1001

Country of origin China Russia Japan Japan
Thrust (vac.) 88.36 kN 98.1 kN (22,054 lbf) 68.6 kN (7.0 tf) 98 kN (10.0 tf)
Mixture ratio 6.0 - 5.2 6.0
Nozzle ratio 80 - 40 40
Isp (vac.) 442.6 463 425 425

Chamber pressure (MPa) 4.1 5.9 2.45 3.51
LH2 TP (rpm) 65,000 125,000 41,000 46,310
LOX TP (rpm) - - 16,680 21,080
Length (m) - 2.2 - -

Dry mass (kg) 265 242 255.8 259.4

LE-5 [211] LE-5A [211] LE-5B [211] BE-3 [212]

Country of origin Japan Japan Japan United States
Thrust (vac.) 102.9 kN (10.5 tf) 121.5 kN (12.4 tf) 137.2 kN (14 tf) 710 kN
Mixture ratio 5.5 5 5 -
Nozzle ratio 140 130 110 -
Isp (vac.) 450 452 447 -

Chamber pressure (MPa) 3.65 3.98 3.58 -
LH2 TP (rpm) 50,000 51,000 52,000 -
LOX TP (rpm) 16,000 17,000 18,000 -
Length (m) 2.68 2.69 2.79 -

Dry mass (kg) 255 248 285 -

*Highlighted values are above the theoretical limit for hydrolox engines.
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F PAST AND CURRENT LUNAR LANDERS

F Past and Current Lunar Landers

Table 28: Overview of Lunar Landers

Programme Successful Dry mass (kg) Propellant mass (kg) dry:wet ratio

Luna[213] 7/27 1,641 3,539 0.317
Surveyor[214] 5/7 306 734 0.294
Apollo[215] 6/7 4,280 10,920 0.282
Chang’e[216] 3/3 1,200 2,580 0.317

Chandrayaan[217] 1/2 626 845 0.426
Beresheet[218] 0/1 150 435 0.256
Hakuto-R[219] 0/1 340 660 0.340
Luna-Glob[220] 0/1 800 950 0.457

SLIM[221] 1/1 120 470 0.203
Peregrine[222] 0/1 833 450 0.649

Average 0.354
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