Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2021 d0i:10.20944/preprints202111.0508.v1

Imagining sustainable human ecosystems with power-to-x in-situ resource utilisation technology
Mark Baldry >*", Nicholas Gurieff ¢, Declan Keogh ¢

°School of Physics, University of Sydney, Sydney, New South Wales 2006, Australia

School of Biomedical Engineering, University of Sydney, Sydney, NSW 2006, Australia

Priority Research Centre for Frontier Energy Technologies & Utilisation, The University of Newcastle,
Callaghan, New South Wales 2308, Australia

4School of Mechanical and Manufacturing Engineering, UNSW, Sydney, NSW 2052, Australia
*Corresponding author mark.baldry@sydney.edu.au

Abstract

Extensive in-situ resource utilisation (ISRU) will be essential to enable long-duration stays on Luna and
Mars and reduce reliance on resupply from Earth. Early development of ISRU technologies has focused
on standalone capabilities for specific targets related to life support and ascent propellant. An
unexplored opportunity remains for greatly expanding the scope of materials that can be supplied by
ISRU, and for integrating various technology platforms into a larger system. Recent advances in power-
to-X technology aimed at decarbonising the global economy have made it possible to drive key
chemical processes using electricity with small-scale, modular reactor. This paper proposes a vision
for an integrated system of ISRU processes based on power-to-X technology to produce oxygen,
hydrogen, water, methane, polymers, metal alloys, and synthetic fertilisers, using Martian regolith,
atmosphere, and ice. A ‘building block’ strategy is adopted to convert raw materials into versatile
intermediaries, which can then be combined to form essential products. A wider range of raw
materials are available on Mars compared to Luna, suggesting greater opportunity for ISRU
deployment to compensate for the greater time and cost requirements for a Mars resupply mission.
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1. Introduction

1.1 Overview

Eliminating a crew’s reliance on supply chains from Earth for critical supplies is essential to ensuring
the feasibility of long-duration or permanent settlements on the Moon (Luna) and Mars [1-5]. This
paper explores the potential for emerging power-to-X technologies to enable material self-sufficiency
in extra-planetary settlements. Power-to-X (P2X) refers to a range of systems whereby electrical
energy is used to directly drive chemical or physical processes [6—8], such as the electrolysis of water
to produce H; and O,. Broad adoption of P2X could provide large-scale renewable energy storage
[6,7,9,10] and the ‘greening’ of major emissions-intensive industries that rely on fossil fuel derivatives
[7,11,12]. These processes can be scaled down and driven by alternative electricity sources, making it
particularly attractive for space missions and remote terrestrial locations. Recent advances in P2X
have combined nonthermal plasma [13] and electrolysis processes with novel catalysts, greatly
expanding the range of potential applications [11]. This study explores the potential role of P2X in
achieving in-situ resource utilisation (ISRU) at Martian or Lunar settlements. The focus here is on the
key ISRU output targets outlined by the NASA Design Reference Architecture 5.0 for a Mars mission:
H,O, 0,, CH4, and buffer gases for life support, extra-vehicular activities, and ascent propellant
[4,5,21]. Additional requirements for permanent settlements are also considered, namely carbon and
nitrogen sources for agricultural development [5,22], hydrogen for fuel and energy storage [23], and
metals, which can be produced synergistically with oxygen and other materials. It is assumed that
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supply chains and sustainable energy sources (such as solar photovoltaics and radioisotope
thermoelectric generators) are available to facilitate the transport of resources across the planetary
surface, and to satisfy the power requirements for ISRU, respectively. Costs of technology
development along with launch weight, formal technological readiness assessment, and
transportation from Earth are also left for future work. The aim of this study is to explore the
possibilities for integrating modular ISRU technologies to convert local resources into molecular
building blocks, which can be used to supply the material requirements of Lunar or Martian
settlements.

1.2 In-situ resource availability

The variability of in-situ resource availability profiles on different planetary bodies may require
different approaches to ISRU. Here we identify the resources available on Luna and Mars, the most
relevant mission destinations in the near future [2].

1.2.1 Luna

The lunar regolith comprises fine-grained particles (average grain size 60 um, specific heat capacity
0.9 kl.kgt.K, density 1660 kg.m™ [5]) and rocks between 3 and 20 m deep across the surface of the
moon [23]. Extensive analysis of the regolith composition has been carried out on recovered samples
from the Apollo missions and from orbiting satellites, highlighting significant spatial variation [5]. The
Lunar terrain is composed of lighter ‘highlands’ and darker ‘maria’ with significant amounts of mineral
oxides [24,25], containing 41-44% oxygen content [26]. Significant water ice deposits have been
detected at the polar regions and in permanently shadowed craters; the Lunar Crater Observation and
Sensing Satellite (LCOSS) recently measuring 5.6+£2.9wt% H,0 at the southern Lunar Cabeus crater,
most likely present as small-grained crystals [5,23]. Water recovered by extraction from hydrated
minerals or reduction of mineral oxides is considered less technically challenging compared to directly
accessing shadowed craters, despite large reserves of crater ice [5,23]. The Lunar maria are generally
classified as basaltic, comprising the minerals ilmenite, olivine, and pyroxene [23] and therefore rich
in silicon, iron, calcium, aluminium, magnesium, and titanium. The elemental composition of Lunar
highlands are instead predominantly rich in plagioclase minerals [23], with the dominant mineral being
anorthite (CaAlySi,Og), and contains mostly silicon, aluminium, and calcium, along with smaller
guantities of iron and magnesium [5]. The regolith also contains sodium, potassium, phosphorous,
manganese, chlorine, and chromium [26], along with trace amounts of solar-wind implanted volatiles.
These volatiles include carbon, nitrogen, hydrogen, helium, fluorine, neon, argon, krypton, xenon, and
sulphur that are typically found in titanium-bearing ilmenite and volcanic pyroclastic deposits [5],
which can be extracted with direct thermal processing at 300-900°C [5,23].

1.2.2 Mars

The Martian atmosphere is 95% carbon dioxide with an average surface atmospheric pressure of 608
Pa, or 0.6% of Earth’s atmosphere [22], an average surface temperature ranging between -73°C to
17°C [2,22], 590 W solar irradiation and 38% earth’s gravity [2]. The Martian surface is covered in a
layer of regolith with grain size varying from 1 to 1000 um and bulk density 1.2 to 1.6 g/cm? [2]. Water
is present on Mars as solid water ice in polar regions, as mineral hydrates in lower latitudes, and in
the atmosphere as vapour [27]. Martian regolith contains around 1% water [22] and up to 8% at low
latitude gypsum dunes [28]. A wide variety of minerals have been identified on Mars, however a
detailed description of Martian geology is beyond the scope of this work and has been covered
elsewhere [29,30]. Here the native resources of interest for ISRU applications are outlined, mostly
limited to the easy-to-access regolith. Mars’ surface is predominantly composed of basaltic materials
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[30], rich in olivine, pyroxene and magnetite [29], and is divided into sulphur rich (SR) and haematite
rich (HR) regolith [30]. Direct measurements of the surface composition have been carried out by
surface rovers, with attempts to differentiate between Martian soil and rock, which have different
compositions. The Mars Pathfinder analysed rock samples in the regolith of the Ares Vallis region in
1997 and found the major component was silicon dioxide (57-57.7%), followed by iron oxide (14.2-
15.7%), alumina (11-12.3%), calcium oxide (6.7-8.1%), sodium oxide (2.5-4.2%), along with small
amounts (<2%) of other materials including magnesium oxide, phosphorous pentoxide, sulphur,
chlorine, potassium oxide, titanium dioxide and manganese oxide [29]. The NASA Spirit and
Opportunity rovers also carried out chemical analysis of Martian soil at the Gusev crater and Meridiani
Planum region, respectively, finding similar material composition, with stronger concentrations of
magnesium oxide (7.6-8.5%) along with sulphur trioxide (5.6-6.3%) and trace amounts of chromium
oxide and nickel oxide [29,31]. Analysis of the sulphur rich Paso Roble regolith by the Spirit rover found
very high SOs concentrations of ~¥31.7%, along with enriched phosphorous pentoxide [30], indicating
significant spatial variability on the surface. Mg-Fe carbonate materials have also been detected in the
Columbia Hills region of Mars’ Gusev crater by the Spirit rover, reaching 16-34% concentration in the
Comanche outcrops of the crater and equivalent to around 3% pure carbon [32]. The more recent
NASA Curiosity rover has carried out mineralogical analysis of Martian soil in the Gale crater,
specifically the Ganold Dune field [33]. The average composition at two sites (Rocknest and Gobabeb)
was predominantly silicon dioxide (43%), followed by iron oxide (19%), aluminium oxide (9%),
magnesium oxide (8.6%), calcium oxide (7%), sulphur trioxide (5.8%), sodium oxide (2.7%), and small
(<~1%) amounts of titanium dioxide, manganese oxide, potassium oxide, phosphorous pentoxide,
chromium oxide, chlorine, and trace amounts of nickel, zinc and bromine [33,34].

2. Technologies for ISRU processing

A suite of material processing technologies is available at various stages of maturity for use in ISRU
conversion applications. We include those processes that could deliver specific capabilities in life
support (oxygen, water, food including fertiliser), fuels for propulsion, structural materials for building
tools and habitats, hygiene, and comfort. This section proposes relevant technologies and provides a
brief overview of their function. Electrically driven processes are favoured where possible, to take
advantage of their modularity and controllability compared to conventional thermochemical
conversion.

2.1 Direct extraction

The direct extraction of resources through thermal or physical processes can be used to source water
on both Luna and Mars, as well as carbon dioxide and nitrogen from the Martian atmosphere. On both
Luna and Mars, water is present as mineral and pyroclastic hydrates [5,27], and water ice [23], to
varying extents, which can be extracted through simple heating and purification. Unlike Luna, the
Martian atmosphere is a potential primary source of molecular building blocks, composed of 95.3%
CO,, 2.7% N,, 1.6% Ar, with trace amounts (<1%) of O,, CO, H,0, and NO [27]. This can be compressed
and used as a CO; source for electrolysis as in the Mars Oxygen In-Situ Resource Utilisation Experiment
(MOXIE) unit currently deployed on Mars as part of the NASA Perseverance rover, which will be
discussed in Section 2.3. Solar implanted volatiles in lunar regolith returned from Apollo missions have
been extracted by heating to around 700°C, liberating hydrogen, nitrogen, carbon, and sulphur
sources that may be deployed for fuel or agricultural feeds [5], however efficient separation and
concentration of these materials remains an unsolved technical challenge. Lunar regolith can also be
melted to produce transparent glass at 1600°C, which can act as in-situ substrate for thin-film PV
panels manufactured directly on the lunar surface [35,36]. Both Lunar and Martian regolith have also
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been explored for use as a 3D printing material to produce habitats and structural materials robotically
[2,22,26,34,37,38].

2.2 Conventional thermochemical processing

Conventional thermochemical processes on Earth are often deployed at large scale with complex
infrastructure, high operating temperatures and pressures, and consistent operating conditions. This
may pose a challenge for their use in space applications where safety, reliability, and compactness are
required. Sabatier methanation (Eq. 1) is a mature thermocatalytic process for synthesising methane
from carbon dioxide and hydrogen, typically at 400°C-500°C and 10-30 atm [36,39—-41], and an
example of flight-tested thermocatalytic ISRU technology.

CO, + 4H, = CH, + 2H,0 (1)

A small scale Sabatier reactor was used on the international space station from 2010-2017 to produce
water for life support [36,42]. NASA is developing Sabatier technology for in-situ production of ascent
propellant on Mars using hydrogen from locally derived water and atmospheric carbon dioxide
[41,43]. The production of rocket fuel for ascent from the Martian surface would significantly reduce
the costs and improve the feasibility of a Mars return mission [24] since around 225 tonnes of fuel
would be consumed to deliver a single tonne of fuel to the Martian surface [28].

Several thermochemical processes have been explored for their potential to extract oxygen from
Lunar and Martian regolith [3,5,24]. Some examples of this for the ilmenite mineral (FeTiOs) include
reduction with hydrogen followed by water electrolysis (2H,0 = 2H, + 0,),

900°C
FeTiO3; + H, — Fe + TiO, + H,0 (2)
reduction with methane (Eq. 3),

1600°C
FeTiO5; + CH, — Fe + TiO, + CO + 2H, (3)

and vapour phase pyrolysis at high temperature (Eq. 4),
_2000°C ] 1
FeTiO; —— Fe + TiO, + 502 (4)

Despite the many potential avenues for thermochemical processing of regolith, electrolytic methods
have emerged as potentially more suitable due to their relative simplicity [24], and these are described
below.

2.3 Electrolysis

Electrochemical processes are highly attractive for terrestrial P2X and space ISRU applications due to
their versatility [44]. The simplest example is the direct electrolysis of water to produce oxygen and
hydrogen gas. Electrolysis of water ice in shadowed Lunar craters and on Mars could produce oxygen
for life support and hydrogen as input to fuel production. However, extracting O, and H, from regolith
may yield additional useful by-products, and avoids the challenge of accessing water ice in shadowed
Lunar craters [23], instead of relying on ubiquitous regolith materials. Here we introduce selected
electrolysis processes with potential for deployment in space settlements.

On Earth, direct air capture (DAC) is currently being considered as a negative emissions technology
(NET) to extract CO; from the atmosphere. Commodity products such as methane or liquid fuels could
then be produced from the extracted CO; through hydrogenation. The MOXIE experiment currently
underway on Mars captures and compresses the CO; rich Martian atmosphere and then converts it to
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carbon monoxide and oxygen (Eqg. 5) using a solid oxide fuel cell [21,45,46]. Carbon dioxide produced
by astronauts could also be captured and converted, as was done on the international space station
between 2010-2017.

O, - CO +§o2 (5)

Carbon dioxide can also be co-electrolysed (Eq. 6) with water in the presence of a catalyst to produce
syngas (carbon monoxide and hydrogen in various ratios [47]) directly [21,48],

4H,0 + 2C0, — 4H, + 2CO + 30, (6)

which can subsequently be used for methane synthesis via the Sabatier process (Eg. 1).
Conventionally, CO; reduction and H; evolution occur at the anode, with the oxygen evolution reaction
occurring at the cathode and consuming around 90% of the input power to the cell. Alternative anode
reactions are possible, such as glycerol oxidation, which reduces the energy consumption by over 50%.
However, these may not be suitable for space applications considering the additional material
requirements compared to Eg. 6, which can proceed with local resources. Apart from solid oxide
electrolysers such as MOXIE, alternative electrochemical reactors have been proposed for H,0/CO,
co-electrolysis, including gas diffusion electrodes, membrane reactors, and flow cells [48], the latter
of which may be considered most mature and can borrow from recent developments in fuel cells and
electrolysers. The electrochemical methanation of CO, is another potential avenue for producing
methane from in-situ materials on Mars, which could then be used for ascent vehicle propellant [43].
The electrocatalytic methanation of carbon dioxide has been proven at industrial scale by the 6 MW
Audi plant in Germany, using CO, from biomass to produce up to 1000 tonnes of methane per year
[7]. Methanol could also be used for energy storage or as a chemical building block, produced
electrochemically from CO; and H, (Eq. 7) [49].

CO, + 3H, = CH50H + H,0 (7)

Lunar and Martian regolith are rich in metal oxides [24,29], suggesting there is a significant
opportunity to co-produce breathable oxygen, and metals from ubiquitous regolith materials [44].
Electrolytic reduction of molten regolith (molten oxide electrolysis, MOE) is a simple, compact, and
continuous process with limited input requirements that is compatible with a range of feedstocks,
making it highly attractive for processing Lunar [3,25] and Martian regolith [44,50]. MOE is currently
the cheapest way to produce oxygen on Mars or Luna from in-situ resources, with up to 95% O,
recovery [24], and the process produces useful metal alloys for manufacturing [51]. A simplified,
indicative overall reaction for MOE of iron oxide (FeO) is shown for the cathode (Eq. 8) and anode (Eq.
9) from [24,44].

Fe?t + 2e™ — Fe® (8)
027 > 20, + 2¢” (9)
2.4 Plasma processing and catalysis

Nonthermal ‘cold’ plasma is used in industry to eliminate volatile organic compounds and nitrogen
oxides [52,53], treating wastewater [54,55], generating ozone for disinfection [53,56], and could be
used to manage airborne pollutants in space life support systems. The selective heating of electrons
in a nonthermal plasma generates significant populations of energetic species, enabling low-
temperature activation of stable molecules and alternative pathways to overcome thermodynamically
unfavourable reactions [52,57-59]. Incorporating catalyst materials into plasma reactors, known as
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plasma catalysis (PC), shows significant promise for activating stable molecules such as N, and CO; and
converting them into valuable materials for use in agriculture, transport, and chemical synthesis
[13,39,52,56—65]. PC processes are attractive for remote applications [57] such as a Lunar or Martian
settlement because they are modular and small [57,66], can be cycled rapidly [60,67], are compatible
with intermittent power [9,66], and are operated at low temperatures and atmospheric pressure
[9,12,13,52,68], eliminating the cost, size, and complexity associated with conventional
thermochemical plant equipment.

3. Discussion
3.1 Overview

In this section an integrated chemical processing system based on the technologies described above
is proposed to reduce the reliance of a Martian settlement on resupply from Earth. The objective of
this section is to demonstrate how abundant in-situ resources may be used to support life support
systems, produce ascent propellant, supply key chemicals for agricultural development, and form the
basis of chemical engineering capability based on simple hydrocarbons. This approach is referred to
as a ‘building block’ strategy, whereby raw materials are converted into small, versatile molecules that
can be converted into more complex products. This builds upon the recent work by Hartvigsen et al.
[21] that proposed combining co-electrolysis of H,O and CO, with either a methanation or Fischer-
Tropsch reactor to directly produce oxygen and hydrocarbons. This system was shown to provide the
daily oxygen requirement for an average adult with a power consumption of about 159 W. It was
proposed for use with CO, from the Martian atmosphere or from astronaut exhalation in the context
of long-duration spaceflight [21]. This small-scale example shows how integration of modular
processes could supply life support systems and use in-situ resources. A high-level concept design for
an integrated chemical processing system for a Martian settlement is proposed in Fig. 1. This
conceptual system design explores the possibilities of leveraging emerging electrochemical and
plasma-catalytic processes to achieve ISRU, particularly for the goals stated above. It is assumed that
sustainable energy sources are available to supply the ISRU system depicted in Fig. 1, and that energy
flows will be engineered to maximise economisation wherever possible. Methanol has been selected
as the target molecule for CO; hydrogenation as it is a highly versatile precursor for many mature
industrial hydrocarbon processes [69,70]. Methanol can be used as a solvent or in the production of
formaldehyde, synthetic resins, polyesters, silicone rubber, and other plastics [69]. Fig. 1 shows the
conversion of methanol to olefins (such as ethylene) to produce polymers for manufacturing a wide
range of products. Other oxygenates such as ethanol, acetone, and acetic acid can also be produced
from CO; and CH, with plasma catalysis [58] for use as industrial solvents, cleaning products, and
pharmaceuticals production [70].
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Figure 1: Concept design for integration of material synthesis processes for Mars. Translucent lines indicate recycle loops. Material streams are colour coded as indicated. In the lunar
context there is no atmosphere meaning that there is no abundant source of carbon or nitrogen, resulting in a substantially simplified system.
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3.1 Primary processing of raw materials

In the current scheme (Fig. 1) for a Martian habitat, raw materials are sourced primarily from the
atmosphere, regolith, and water ice. Separation and activation processes are required to convert
these raw materials into useful products, beginning with the electrolysis of water ice to O, and H,. The
principal uses of O, considered here are life support, ascent vehicle oxidant, and fertiliser production.
Considering 80% of launch vehicle mass is fuel and oxygen, with the majority (7/8) being 0, [24], in-
situ production of O along with fuel (CH,) is essential.

Regolith is an abundant source of metals, oxygen, and water, so initial processing would involve
dehydration followed by molten oxide electrolysis to extract O, and produce metallic alloys for
manufacturing. Ferrosilicon alloys produced from MOE can be used to produce feedstocks for additive
manufacturing from abundant iron and silicon oxides in Lunar and Martian regolith [51]. Early work
on regolith electrolysis highlighted significant engineering challenges associated with the containment
of highly corrosive, high-temperature molten oxides [3,25]. These were overcome with cold-walled
reactors that use cooled regolith to protect the vessel walls from molten oxide, much like the Hall-
Heroult cells used in aluminium refining [24,50,51]. Schreiner et al. [24] simulated cold walled MOE
reactors under a wide range of operating conditions showing the process was robust to regolith
composition and recovered between 0.15 and 0.375 kg O, per kg of regolith.

The Martian atmosphere is predominantly CO, (95.3%), with 2.7% N, that can be separated and
directed towards co-electrolysis and nitrogen fixation processes, respectively. Purified oxygen and
water would directly supply life support systems and nitrogen gas would be used as an atmospheric
buffer gas for habitats. Co-electrolysis of CO, and H,O with a solid oxide electrolyser (such as the
MOXIE experiment) can produce syngas, along with O,. In addition to supplying the life support
systems and nitrogen fixation process (discussed later), oxygen would be allocated for use as oxidant
in ascent propellant systems.

3.2 Producing ascent propellant

Hydrogen gas produced from co-electrolysis (and water electrolysis) can be combined with extracted
atmospheric carbon dioxide in a Sabatier methanation reactor to produce methane gas for ascent
propellant as discussed in Section 2.2 [41,43]. Thermocatalytic methanation of CO; at low pressure
with selectivity and conversion close to theoretically optimum values has already been achieved
industrially [71]. Plasma-catalytic methanation has recently been shown to improve CO, activation,
achieve 97% methane selectivity over CO and 60% conversion of CO,, and be carried out at
significantly lower temperatures than the conventional process (150°C vs 320°C) [39]. A lower
operating temperature imparts a thermodynamic advantage for the methanation reaction and may
improve the longevity of the catalyst (nickel or ruthenium for maximal methane selectivity), avoiding
sintering and coking typically associated with higher operating conditions [40]. Carbon dioxide
methanation is mechanistically a two-step process occurring in a thermochemical reactor, comprising
the reverse water-gas shift reaction (RWGS Eq. 10) and the methanation of carbon monoxide (Eq. 11)
[40]. This suggests that the syngas produced by the co-electrolysis stage in the proposed scheme could
also be used for methane production, assuming the stoichiometric ratios are adjusted.

H, + CO, = CO + H,0 (10)

3H, + CO - CH, + H,0 (11)
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3.3 Methanol as a versatile building block for hydrocarbon chemistry

Methanol is mainly produced industrially from natural-gas derived syngas [47] using a hydrogenation
process over a Cu/ZnO/Al,O; catalyst at moderate temperatures and high pressures [72,73]. The
overall reaction is described by Eq. 12, however it is a two-step process. The water-gas shift reaction
(reverse of Eq. 10) converts carbon monoxide into carbon dioxide that is subsequently hydrogenated
to form methanol (CO, + 3H, - CH3;0H + H,0) [47,69,71]. Carbon dioxide is also commonly
present in the syngas feed for industrial methanol reactors [47,69,74] and improves the methanol
synthesis rate [69,75].

CO + 2H, — CH,OH (12)

Hydrogenation of pure CO,to methanol (MeOH) is as a potential negative emissions technology [69],
however the higher cost associated with capturing atmospheric CO; and generating green H; has
limited its adoption [72,73]. Recent developments in catalysis and optimisation of the thermochemical
CO,-to-methanol conversion processes have resulted in single-pass CO, conversion exceeding 95%,
with >98% methanol selectivity over conventional Cu/ZnO/Al,Os catalysts [71,73]. Direct CO; to
methanol conversion is carried out commercially in Iceland using geothermal energy [71,76], however
widescale adoption has been limited by the cost of producing green hydrogen and harvesting
atmospheric CO; [69]. Plasma-catalytic hydrogenation of CO, co-produces MeOH, CO, and CH,, at
mild conditions with low-cost copper/alumina catalyst, achieving 54% MeOH selectivity and 11% CO,
conversion [60]. In thermocatalytic and plasma-driven synthesis of methanol from CO,, carbon
monoxide plays a key role as an intermediate species either through electron impact dissociation of
CO, or through the RWGS reaction [60], suggesting the potential development of co-hydrogenation of
C0O,/CO gas mixtures.

Methanol can be converted into olefins with the methanol-to-olefins (MTO) process, producing short-
chain alkenes such as ethene and propene [76], which can then be further upgraded to longer chain
hydrocarbons [69], or converted to paraffins or aromatic compounds [71,77]. MTO has been carried
out at an industrial scale for several years [78]. Recent work has shown that tuning the physical and
chemical characteristics of the zeolite catalysts can enable control over product selectivity [71]. These
are highly versatile building blocks in hydrocarbon chemistry and provide a route to produce plastics
from in-situ resources as depicted in Figure 1. Three established thermochemical pathways can
achieve methanol-to-ethanol (EtOH) conversion (1) carbonylation with CO to produce acetic acid,
followed by hydrogenation to EtOH, (2) reductive carbonylation with syngas to produce EtOH directly,
or (3) via methyl nitrite [79]. Emerging tandem catalysis systems can achieve ‘one pot’ synthesis of
ethanol from syngas, producing methanol as an intermediate, which undergoes conversion via the
acetic acid pathway in a single reactor, achieving 64% selectivity for EtOH and 10% conversion of CO
[80]. One-step MeOH-to-EtOH conversion using photocatalytic gallium nitride (GaN) that avoids the
harsh processing conditions and hazardous reagents required for the conventional routes is also
possible [79], however further work is required to scale-up this process. Once converted, dehydration
of EtOH to ethylene is relatively straightforward using a mature industrial process capable of achieving
>99% conversion and selectivity [81]. Clearly there are various approaches to designing the
hydrocarbon processing system. This discussion explores some of these possibilities and highlights
potential opportunities rather than proposing an ideal system architecture.

3.4 Nitrogen fixation for agriculture

Extracted atmospheric nitrogen can be fixed into nitrate-based fertiliser using a plasma catalytic
process with oxygen to supply agricultural activities and also used as a buffer gas for breathable
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atmosphere. Plasma-catalytic nitrogen fixation offers the potential to deploy small-scale, modular
reactors to provide synthetic fertiliser for Martian agriculture, which would not be possible using the
conventional, large-scale Haber-Bosch process (N, + 3H, = 2NH3) that is typically operated at >200
atm and >400°C [11]. Industrial plasma-based nitrogen fixation dates back to the beginning of the
twentieth century with the Birkeland-Eyde process, which produced nitric oxide directly from air using
a magnetised electric plasma arc driven by hydroelectricity at an energy efficiency of 2.4-3.1
MJ/mol(N) [67]. The high energy demand of the process, along with greater maintenance and capital
costs, led to its replacement with the HB process [53,67]. NTP-based nitrogen fixation can be operated
at much lower temperatures and pressures compared to HB [82], reducing the complexity and cost of
the process equipment, and enabling modular, scalable production. The scheme in Fig. 1 indicates a
generic PC nitrogen fixation process, but could represent the gas-phase PNOCRA process of Hollevoet
et al. [57], the two-phase NTP bubble column reactor of Sun et al. [11], or the Birkeland-Eyde process.
The PNOCRA process from Hollevoet et al. [57] is similar to the BE process whereby an O,/N, gas
mixture is converted into NOy by an NTP. It makes use of barium oxide to trap NO, which is then
reacted with H, to form ammonia. The process developed by Sun et al. [11] involves generating a
plasma discharge in air bubbled through an electrolyte to produce nitrite and nitrate species, which
are subsequently electrochemically converted to ammonium (NH4*) in solution. Apart from the
historical use of BE, there are no commercial-scale nitrogen fixation processes that employ plasma
technology, so only lab-scale performance data is available for comparison. Both the PNOCRA and
plasma bubble reactor have similar energy consumption, at 4.61 MJ and 4.31 MJ per mol of NHs.
However, given the relatively early stage of development for PC nitrogen fixation compared to HB,
and the theoretical efficiencies of these processes, it is likely that they will become competitive with
conventional ammonia production in the timeframes considered for developing a large-scale Martian
settlement.

3.5 Recycling

In a resource-scarce environment such as an isolated settlement on Luna or Mars it is essential to
maximise recycling of materials and integration of material processes. Some of these are indicated in
Fig. 1 by translucent streams. This encompasses obvious opportunities such as using oxygen generated
by plants and nitrogen produces by denitrifying soil bacteria for life-support systems, scrubbing and
re-using carbon dioxide from human exhalation, and combining additive manufacturing with recycling
of printed plastic objects. Less obvious but equally as important is recycling micronutrients and
biological products typically disposed of on earth, as these may be much more difficult to source or
manufacture in-situ. Here we focus on human urine as an example, and only consider the application
on Mars, since it appears unlikely that Lunar agriculture could be sustained without regular supply of
agricultural nutrients from Earth [83].

Human urine is potential feedstock for producing fertiliser as it is rich in urea, sodium, potassium,
ammonium, calcium, chlorine, sulphate, phosphate, carbonate, creatine, and other organics, whilst
low in heavy metals [84], and around 550 L of urine is produced per person, annually, providing a
significant opportunity for both nutrient and water recycling. These nutrients are in a form that is
readily absorbed by plants, at a similar rate to synthetic fertiliser [84], however they are too dilute to
use directly and must be concentrated [85,86]. Source-separated urine can be converted to solid
agricultural fertiliser using a drying agent comprised of lime and biomass-derived ash, and the
applications of low temperatures (<60°C) [84,85]. This process can recover over 90% of the nitrogen
present in urine [86], however in a Martian setting where natural desiccants like wood ash are
unavailable, alternative drying agents would be required. Senecal and Vinneras [85] recovered up to
0.44 kg of nutrients from 20 kg of urine with an alkaline dehydration process using wood ash, which
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translates into approximately 12.1 kg of fertiliser per person per year. The requirement for a constant
supply of drying agent [84] poses a challenge for ISRU without a non-biomass derived alternative.
Other approaches include conventional and solar distillation, and biological or chemical pre-treatment
to minimise the bacterial conversion of urea into ammonia [84,87]. Many strategies to deal with the
conversion of urea to ammonia by the urease enzyme (found in domestic piping systems) have been
investigated, including removing ammonia post-conversion, or pre-treatment to stop the process
[85,86]. These processes are typically complex, require specialised chemical inputs, and can cause loss
of other important nutrients such as phosphorus [85,86]. Elevating the temperature and pH of urine
inhibits the urease enzyme activity, effectively arresting the process [85,87] but higher temperatures
do lead to greater thermal breakdown of urea into ammonia [86]. An alternative to concentrating
urine is to selectively extract the nutrients using industrial separation processes [86]. There is
significant potential value from recycling both the water content and agriculturally important
nutrients from human urine, which together with synthetic fertiliser production, could improve the
viability of Martian agriculture.

3.6 Mars vs Luna: Different opportunities for ISRU

The regolith mineral compositions vary significantly between Luna and Mars, offering different
opportunities for the refinement and in-situ use of various metal alloys. However, for the purposes of
supplying life support, ascent propellant, agricultural inputs, and establishing a foundation for carbon-
based chemical processes, this does not make a significant difference. In both cases regolith can be
electrolysed to produce oxygen gas and metal alloys. The water present as either mineral hydrates or
water ice can be processed as discussed in Section 3.2 as neither the extraction process nor water
electrolysis rely on gravity. It is yet unclear whether the microgravity on Luna will pose a challenge for
operating molten oxide electrolysis since the analogous Hall-Heroult reactors used on earth rely on
buoyancy to remain stably stratified in the presence of electromagnetic forces [88]. The biggest
difference between the two locations is the absence of an atmosphere on Luna, meaning there is no
abundant source of carbon to build hydrocarbon-based materials, nor is there a source of nitrogen for
producing agricultural fertiliser. However, given the proximity of Luna to earth it is conceivable that
regular resupply could be a reasonable long-term strategy.

4. How To Get There from Here: Concluding Remarks and Future Challenges

At first glance Luna and Mars both appear to be inhospitable, barren landscapes. Finding ways to meet
the long-term material needs of human settlers using local resources will facilitate the establishment
of self-sufficient settlements. This paper explored the potential for using electrically driven chemical
process technology to build an integrated material synthesis and recycling system to support human
settlements on Luna and Mars, using in-situ resources. Mature and emerging processes based on
electrolysis, electrochemistry, and nonthermal plasma-catalysis were combined with conventional
thermochemical processes to supply crucial materials for life-support systems, propellant, agriculture,
and manufacturing. Concepts for manufacturing a range of polymers for structural, industrial, and
consumer applications were presented, whilst significant opportunities for building complex
molecules based on versatile hydrocarbon and nitrogen-based building blocks remain unexplored. The
use of recyclable plastics will maximise the material and energy efficiency of the system, as will the
recycling of agricultural nutrients and water from human waste. Near-earth asteroids are another
potentially rich source of resources, such as water and platinum group metals, which may be valuable
as commodities in Earth’s global economy, or for supplying Lunar or Martian settlements [14-20].
However, given the additional challenges of extracting and transporting resources from asteroids,
exploration of this opportunity is left for future work.


https://doi.org/10.20944/preprints202111.0508.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 November 2021 d0i:10.20944/preprints202111.0508.v1

Great challenges remain before the vision of integrated ISRU present here can be realised. Plasma-
based processes are at an early stage of technological readiness, with unresolved challenges for scale-
up, reactor design, and catalyst selection [13,52]. Reactor design is crucial for PC processes to
maximise synergistic effects arising from plasma-catalyst interactions [53,60,89], resulting in
enhanced conversion or yield [90], greater energy efficiency, product selectivity [60], and improved
catalyst longevity [91], whilst the choice of catalyst and support material enables the tuning of product
selectivity [58,60]. Reactors should be designed to enhance plasma-catalyst contact to maximise the
use of short-lived active species [92,93]; porous dielectric structures coated in catalyst may offer an
advantage here compared to conventional packed bed designs [13,52]. On Earth the transition from
emissions-intensive processes to P2X alternatives is limited by cost. Higher costs may be tolerated for
space applications provided that these processes can achieve long-term stability, reliability, and
deliver on the promise of modularity and versatility. A major practical challenge for electrically driven
processes is power consumption, which in both Lunar and Martian settings would likely be supplied
from a combination of solar photovoltaics and radioisotope thermoelectric generators. Using P2X to
sustain a large settlement will require significant power using current technology, so advances will
have to be made in both the provision of power on Mars and Luna, along with the energy efficiency
of plasma-catalytic and electrolysis processes. This will progress in concert with advances in materials
science to create highly active, selective, and durable catalysts (ideally produced from local resources),
as well as durable materials for electrodes. Emerging P2X technology has the potential to contribute
to the decarbonisation of Earth’s global economy and the enablement of human self-sufficiency in
remote locations such as Antarctic research stations, offshore installations, and the surface of Mars.
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