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Abstract

With the aim to establish a pioneering colony on Mars, the need for refuelling the vector to go
back to Earth needs to be fulfilled with locally available resources. Based on the advantages of
methane as fuel for aerospace applications, the feasibility of a Sabatier reactor providing this fuel
on Mars by exploiting the CO; naturally present in its atmosphere has been evaluated. Alternative

options have been considered to provide H; by using the proven water reserves on the Red planet,
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through either electrolysis or an electro-thermochemical cycle. Different powering units based
on available nuclear reactors have been compared.

After preliminary sizing of the plant based on a revised kinetic model for a Ni/Alumina catalyst,
different cases have been considered for heating, heat removal and powering the system. They
were characterised by higher energy integration and thus efficiency, or lower efficiency but more
compact design and thus lower mass.

The overall feasibility has been considered not from a strictly economic point of view, but
assessing a reliable overall mass of the equipment to be delivered through the current Starship

loading capacity.



1. Introduction

After the Apollo missions that landed Humanity on the Moon for the first time, a crewed mission to
Mars became the new ambitious goal for future space endeavors of our civilization. The end of the
Space Race and the subsequent downsizing of funding for space exploration spelt the end of any
realistic ambition to land humans on another planet. Which is understandable considering that
despite Mars being one of our closest neighboring planets, the technical challenges needed to reach
it, land safely and return in a reasonable period of time would have required funding in the hundreds
of billions of dollars magnitude. To bring back this dream, it is imperative to find ways to slash the
cost required to perform such a mission.

The aim of this work is to estimate the feasibility of a way for vehicles to be refueled on Mars,
avoiding the need to carry the fuel needed for the return trip from the beginning of the mission,
massively reducing initial launch mass and therefore its cost.

The necessity to reduce initial launch mass can be clearly described by “The Rocket Equation” [1],

which was independently found by several scientists in the early 20t century:

Av =, ln:—; - gty (E1)

where Av is the change of velocity of the vehicle, v, is the effective exhaust velocity of the engine,
g the acceleration of gravity, tp the time of combustion, m, is the initial launch mass, including
propellant and my is the the dry mass of the vehicle. Defining, m, = my — m; the mass of the

required propellant and solving for it

Av

my, = ms(eve — 1) (E2)
clearly shows how the required fuel increases exponentially with the Av. Considering, as an example,

a 100 ton payload, which is in the range of what a Starship vector is expected to carry [2], a 3.5 km/s



exhaust velocity, similar to the one expected from a methane burning engine [2], and an approximate
24 km/s Av (10 for Earth ascent and descent [3],8 for both interplanetary transfers [4], 6 for Mars
descent and ascent [5]) one would require almost 95000 tons of propellant to perform the mission,
which is obviously absurd.

The simplest mathematical solution is to divide the mission in smaller parts, each with a significantly
smaller Av. For example, a mission where the vehicle is refueled in Earth orbit by separate launches
and on Mars surface through fuel produced there would divide the mission in three trips: Earth
ascent (9.5 km/s, 1410 tons), Mars orbital transfer and descent (4.5 km/s, 260 tons), Mars ascent,
Earth orbital transfer and descent (10 km/s, 1640 tons). Thus, dividing the mission into 3 trips would
significantly decrease the size of the vehicle + propellant assembly to more realistic values.

Since refueling in low-earth-orbit through a docking-like maneuver with other spacecrafts is a well
proven technique [6], the real challenge to such a mission is the capability of refueling on the Martian
surface.

The concept of In Situ Resource Utilization (ISRU) is that of utilizing available resources instead of
relying on material supplied from launch, a procedure that can significantly cut down costs. While
the current scope of ISRU is mostly focused on the production of oxygen, water and propellant [7],
in a near future it is expectable that more ambitious goals might be pursued such as the production
of spare parts through 3d printing, up to actual manufacturing of new devices and vehicles using
extraterrestrial materials.

While the ambition to explore the Red Planet is shared by many space agencies around the world,
the current most realistic prospect for this enterprise is provided by SpaceX with its Starship. The
Starship vehicle is currently being developed by SpaceX in Starbase, Boca Chica, Texas. It is a two
stages rocket, mostly made of stainless steel, where both stages are planned to be fully reusable.

The first stage is named Super Heavy Booster, it is 71 meters high and 9 meters wide, with a dry mass



of 200 tons and a propellant capacity of 3400 tons, powered by 33 atmospheric Raptors engines [2].
Its reusability is planned to be guaranteed with a controlled vertical approach, akin to that already
performed by preexisting and widely used Falcon 9 boosters [8], paired with a yet untested “capture”
by mechanical arms dubbed “chopsticks”.

The second stage, the proper “Starship”, is 50 meters high with the same width, has an empty mass
of 120 tons, a payload capacity of 100 tons and a propellant capacity of 1200 tons. It is powered by
3 atmospheric Raptor engines and 3 vacuum Raptor engines. The vehicle is equipped with heat
resistant tiles, on one side to allow its survival during the intense phase of orbital reentry. Afterwards
it relies on a small set of winged control surfaces to maneuver through the atmosphere to finally
perform a controlled vertical descent. Further planned developments of this vehicle assembly are
even more ambitious, aiming at a fully stacked height of more than 150 meters and a payload
capacity to low Earth orbit exceeding 200 tons per trip.

All Raptor engines are powered by a mixture of liquid oxygen and liquid methane, as opposed to the
standard choice of RP-1 kerosene or hydrogen. Kerosene, while a tried and tested fuel choice, was
excluded because of its complex nature which makes its production through ISRU more challenging
and less reliable than the simpler methane molecule. Hydrogen, while easier to obtain compared to
methane, as it essentially skips the steps of carbon dioxide capture and methanation and can be
directly sourced from water alone, was excluded for other technical reasons: despite highest exhaust
velocity and energy density on a mass basis, Hz is worse because of its poor volume efficiency, lower
temperatures to be stored cryogenically, quick boil-off and leakages through most materials.

The Sabatier reaction produces methane and water from hydrogen and carbon dioxide over a nickel,

ruthenium or rhodium catalyst, usually at high pressures and moderately high temperature:

o

400 °C
CO,+ 4H, — CH, + H,0  AH=-165.0 kl/mol (R1)



CO; and H; are considered as approachable raw materials on Mars surface, thus this work aims at
considering a possible methanation (Sabatier) reactor for fuel regeneration on the Red Planet for a
safe journey home of the mission. Besides the growing interest in the last decade for this reaction
aiming at the production of synthetic methane from renewables, technoeconomic assessments are
rare. In this very peculiar application, a revised kinetic model will be applied, modifying one multi-
step approach from the literature and regressing appropriately the kinetic parameters. The
integration with H, and CO; collecting devices applicable in loco and with different powering units.
The final aim of the work is to conclude the feasibility with an estimate of the mass and volume
requirements for the equipment. A determinant condition to assess the technoeconomic feasibility,

since the cost of equipment will be orders of magnitude lower than the cost of the mission itself.

2 Models and methods

2.1  Software

All the simulations were carried out with the Aspen Plus® simulation tool and Aspen Custom
Modeler®. The thermodynamic packages selected were PSRK, NRTL and STEAM_TA, in all cases
validated by comparison with literature data as described in the text.

Aspen Plus® does not directly model solid formation, but since the process involves reaching very
low temperatures, below the freezing point of water and carbon dioxide, a correct representation
of this step is needed. To achieve proper handling of the issue, water ice and dry ice have been added

as salts so that the solid formation process is modelled as a salt precipitation.

2.2 Methanation Kinetics
The selected catalyst is Ni/Al,O3 with a metal content of 57 wt%, representing a 1.16 Ni/Al ratio. The

catalyst was shaped as spheres with a 5 mm radius.



Bed voidage has been calculated using this equation: [9]

1,74

2
(1,14+£)
Dp

where D is the internal diameter of the tube and Dy, is the particle diameter.

Bed voidage = 0,39 + (E3)

The selected kinetic model for the reaction has been proposed by Vidotto-Raco [10], where the
process is divided in 2 reactions, further described by 12 elementary steps (Supplementary
Information file, Table S1). The model represents CO, methanation through an indirect pathway,
where CO; is first transformed into CO and then the latter is reduced to methane. The first reaction
is the reverse water-gas shift (RWGS), whose rate determining step is the H-supported CO;
dissociation (step 3, Table S1). RWGS generates carbon monoxide, which is then converted into
methane in the second reaction, carbon monoxide methanation (CO-Meth). In this case the rate-
determining step is the H-assisted carbo-hydroxyl consumption (step 5, Table S1).

The model has been validated at atmospheric pressure at temperature between 190°C and 390 °C,
time factors of 10 to 100 NL/h gcat, H2/CO; ratios of 1 to 5 and inert gases percentage in the feed up
to 40 mol%. Though the methanation reaction is usually carried out at moderately higher pressure,
yet this model is considered a reliable one and will be validated against higher pressure data (vide
infra).

The authors [10], after a literature review of pre-existing kinetic models, developed two new ones.
The two models differ only in the presence of adsorbed oxygen, which is hypothesized in one model
while neglected in the other, which is the one used in this work.

The rate expressions were as follows, with the original kinetic parameters reported in Table S2:
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The activation energies of the two reactions are typical of a system where they occur in series, in
which the reaction intermediate, carbon monoxide in this case, is rapidly consumed.
RWGS and CO Methanation were modeled in Aspen Plus® using the Generalised Langmuir

Hinshelwood Hougen Watson (GLHHW) reaction class. While the cited work [10] provides the values

necessary to determine the constants present in the adsorption term (Table S2) by using the formula

—AH

K =kyerr (E6)
Aspen Plus® calculates them as:
_ B\ rc
K = exp(4) exp (?) T“exp (DT) (E7)
So, a conversion between the two formulas is needed to obtain the A and B terms required by the

software (Table 1).

Adsorption term | A B
parameters

Ha 0.693147181 10.82451
OH -7.14221259 4761.583
COH -4.6940014 6426.152

Table 1: Adsorption term parameters readapted from [10]

The direct water-gas shift is modeled, instead, as a LHHW class reaction, so no adsorption term was
required. This reaction, although included in the simulation as it was considered in the earlier stages
of the project, was not used in the final design.

Alternative kinetics have been also tested, although not utilized in the final design. Specifically, a



direct CO2 methanation kinetics and one developed for a ruthenium-based catalyst [10]. The selected
model offers the best compromise between the fitting of CO2 conversion and selectivity to carbon
monoxide.

Detailed analysis of the validation of the kinetic model against different datasets and a discussion of
its limits and validity is reported in the Supporting Information file (Figures S1-S3 and Tables S3-54).
Kinetic modelling is now in the scopes of the work. Nevertheless, the model we used is devised as
an improvement, building over existing models after an extensive review of the literature. The aim
was to improve the one of the Hernandez Lalinde et al. since it showed issues in fitting the carbon
monoxide selectivity data. To quickly summarize, Hernandez Lalinde et al. proposed three
mechanisms, A,B and AB. The model used here was obtained by modifying the AB mechanism which
originally comprised 16 steps into a 12-step mechanism, which are extensively described in the

Supporting Information and validated against two independent datasets.

2.3 — Preliminary challenges

Even after safely getting to the Martian surface, several challenges still need to be overcome before
approaching the methanation stage, the most important of which might be: i) Powering the mission
and the plant, ii) Capturing carbon dioxide from the Martian atmosphere, iii) Obtaining water and

splitting it to produce H; for the methanation stage and O3 to burn the produced fuel.

2.3.1 Powering the mission and the plant

The go-to technologies to provide power in space have historically been solar panels and
radioisotope thermoelectric generators (RTGs). Solar panels rely on the Sun’s energy to generate
electricity through the photovoltaic effect or directly capture and concentrate heat from the star.

The amount of energy available heavily depends on distance from the light source, day and night



cycles and atmospheric coverage. While Mars atmosphere is very thin, the increased distance from
our star significantly reduces the effectiveness of solar panels. At an average latitude and accounting
for night and day cycles, the effective average solar irradiance is a measly 120 W/m?[11]. Considering
an average mass requirement of 15 kg/m? for solar concentration mirrors [12], more than 25 tons of
mirrors would be required to satisfy the roughly 350 kW needed for a water electrolyzer alone having
the expected target of hydrogen production of 8 kg/h.

On the contrary, RTGs [13] rely on the decay of radioactive isotopes, usually plutonium-238, to
generate heat, which is then converted into electricity through the Seeback effect, relying on the
temperature difference between conducting materials to generate a potential difference. While
being extremely stable and tested sources of power, RTGs only have a power to mass ratio of around
5 W/kg and their scalability is very poor because of their reliance on extremely scarce resources such
as plutonium-238 or highly enriched uranium-235. Even a relatively small 1 MW power need would
require a total mass of 200 tons, 40 of which due to the radioactive isotopes, which is of course
totally unrealistic.

A convenient alternative to satisfy the mission power needs is nuclear fission thanks to its massive
power density. Preliminary studies conducted at the end of the cold war deemed realistic to fit a 10
MWe powerplant in a 65-ton payload, enough to be comfortably carried by the Space Shuttle [14].
The most recent work specifically designed for space operation is focused on microreactors, e.g. the
Kilopower Reactor, developed by NASA to generate up to 10 kWe [15]. It is an uranium-powered
design cooled by liquid sodium, which is used to generate electricity through Stirling engines
operating at ca. 800 °C. It is thermally stable since if more power is drawn from the thermoconvector
(i.e. the alkaline molten salt), the resulting cooling shrinks the fuel, increasing its density, which in
turn decreases the neutron losses, autonomously raising the power output and viceversa. This

substantially reduces the need of active neutronic-control devices. This design has been recently



tested and performed well within expectations [15], however its scale is much lower than the
requirements of the proposed plant, as tens of these 1800 kg reactors would be needed.

Several larger scale designs have been proposed over the years for space applications, a notable one,
with a 100 kWeand 400 kW: power rating is the SAFE-400 reactor [16]. With a reactor mass of 541.4
kg [16] and a power conversion system mass between 1836 and 3672 kg depending on desired
redundancy [17], the SAFE-400 would provide significant mass savings compared to the 10
Kilopower reactors required to match the desired output.

For even larger scales, relying on a potassium-based heat pipe energy transmission system instead
of sodium, is the “Megapower” reactor. While mainly intended to provide a stable supply of power
in remote locations or emergency areas, such a design is compact enough to be adapted for space
applications, providing at least 2 MWe (5 MWt) with a mass of less than 20 tons [18], more than
enough to supply the power needs of the mission and well within mass and volume limitations.

In the context of this plant, estimations show that the most suitable candidate for a nuclear reactor

is the SAFE-400 providing the best compromise between power, mass and reliability.

2.3.2 Capturing carbon dioxide from the Martian atmosphere

Martian atmosphere is primarily composed of carbon dioxide (95%), nitrogen (2.85%) and argon
(2%), with trace levels of other noble gases, carbon monoxide, water, hydrogen and oxygen [11].
Owing to the planet’s smaller mass and lack of a significant magnetic field, the surface pressure is
very low, on average ca. 600 Pa, less than 1% of Earth’s atmosphere. This complicates CO; capture
with a conceptually simple solution such as a compressor, as the very low starting pressure would
increase its size and energy consumption. According to NASA, the most effective alternative to
compression would be cryogenic capture, due to the already low average temperatures of the

Martian surface, ca. -60 °C [19]. The Pressure vs. Temperature sublimation curve for CO; is reported



in Figure S4 (see Supplementary Information file).

The device selected to perform this task would be an upscaled version of the ICE CUBE subsystem
already tested by NASA [20], based on a cryocooler tip that, upon reaching a temperature of
approximately -123 °C (150 K), causes carbon dioxide to desublimate on the surface at a tested rate
of more than 60 g/h per tip, although the performance target in the NASA test would be 100 g/h per

tip [7].

2.3.3 Obtaining water

The methanation reaction requires H, and while the plan for the first missions is to utilize this
element brough from Earth, to fully close the ISRU circle a different source must be found. The
obvious candidate in this case is to obtain hydrogen from water, a resource that several robotic
exploration missions have confirmed as available in various forms on the Martian surface [21] [22].
Significant amounts of water ice (as well as dry ice) are present on Martian poles and the presence
of ice deposits in craters at other latitudes is a realistic possibility. This greatly simplifies the
processing required as direct mining would be a possibility. The obvious drawback is the
geographical limitation of this solution, that would constrain landing zones to specific locations or in
immediate proximity of the ice caps, as well as complicating orbital maneuvers.

However, thanks to robotic exploration, especially the Viking program, it has been estimated that
about 1-2% of Martian soil weight is represented by water, mostly in the form of hydrated minerals.
Some of these hydrated minerals can release water by direct heating at temperatures between 200
and 500 °C or by the application of microwaves [23] [24]. The latter have the advantage of heating
the water only, overall reducing the power consumption. Considering a plant water requirement of
38 kg/h and the prototype values of 20 kg of system mass for 0.2 kg/h of water[23], the total system

mass of the water extraction unit would be at 3.8 ton, so it is reasonable to expect a properly



optimized system to fall in the 1 to 5 tonnes order of magnitude. Nevertheless, the energy
requirement would still be significant, with an estimated value of 2.4 kW for 0.4 kg/h of water, i.e.
0.5 MW to meet the target of water production for the methanation plant, not counting other water
needs, as well as the energy required to move the Martian soil. Increased power efficiency could be
obtained by recycling waste heat from the operating methanation plant or the nuclear reactor and
with the scale up of the water extraction device itself.

Exploring more efficient ways to obtain water is an important aspect of future studies.

2.3.4 Mars Environmental Conditions

The first obvious issue is the distance between our planets: at its shortest it is less than 60 million
km, and at its farthest it can be over 400 million km, so the time to send a one-way message oscillates
between ca. 3 minutes to more than 22 minutes, as it is limited by the speed of light. This makes
self-assembling and operating the plant a significant challenge, if it were to be launched as a
preparatory step before a crewed mission.

Correlated to the distance is the issue of the voyage, which obviously implies a rocket launch and an
interplanetary transfer, so all materials and devices must be able to withstand the acceleration and
vibrations of launch, as well as the cosmic radiation received during the transfer. While for the plant
itself both concerns are minimal, electronics are more delicate and they typically trade processing
power for the extra reliability needed to withstand this environment, especially the radiation that,
due to the lack of magnetic field and insignificant atmosphere, is an issue on the Martian surface as
well.

Regarding the atmosphere, the very low pressure ensures that the common sci-fi trope of the
catastrophic Martian windstorm is functionally impossible, as the strongest Martian wind would

have the strength of a light breeze on Earth. On the other hand, while not strong enough to knock



over people or machines like in the movies, the wind is definitely strong enough to kick up vast
amounts of dust, which can become a significant issue considering how the plant needs to intake
gas from the atmosphere leading to dust buildup in the carbon dioxide collection device. Similarly,
dust could interfere with the radiators needed to disperse waste heat from the plant and the nuclear
reactors. Filters and cleaning procedures should be planned accordingly.

As external pressure is significantly lower than the operating pressure of any part of the plant, as all
streams will be at pressures between 1 and 30 bar, it is of great importance to avoid even small leaks
that could result in rapid and dangerous depressurization. On the other hand, the absence of oxygen
in the atmosphere ensures that even in the case of integrity loss, the chance of explosions and
combustions are negligible.

Finally, a rare but ever-present threat caused by the lack of atmosphere is posed by meteorites: while
on Earth everything but the biggest rocks will be disintegrated after a brief contact with air, on Mars

such protection is not guaranteed to the same degree.

2.3.5 Interplanetary launch windows

Because of the different orbits of the two planets, the distance between them oscillates periodically.
This means that, in order to save fuel, launches are usually timed so that they coincide with the
closest approach, which represents the best compromise between fuel efficiency and travel time.
Even more efficient trajectories could be used, for example by exploiting gravity assist from nearby
bodies like Venus, but this might increase travel time significantly.

The launch window between Earth and Mars opens roughly every 26 months and optimizing the
trajectory for efficiency requires a travel time of roughly 9 months.

These amounts of time are to be considered as operating windows to supply the furniture of fuel for

travelling back.



3 - Results and discussion

3.1 Plant Production Target

Evaluating launch windows is necessary to establish an initial target of fuel production for the plant.
Assuming a preliminary launch of at least an unmanned starship and the fact that a fully refueled
ship should be capable of reaching the Martian surface with some spare fuel [4], it is possible to
calculate how much fuel would need to be produced in the 26 months between two consecutive
launch windows to completely refuel all vehicles.

A full Starship in Low-Earth-Orbit is expected to have at least 7000 m/s of Av [2], the Av required for

the interplanetary transfer is around 4000 m/s[4], while the one required for descent on Mars,
though heavily dependent on aerobraking and descent profile, is estimated to be at least 1000 m/s
[5]. This suggests that a Starship might be able to land on the red planet with 2/7 of its fuel.

With a propellant (O, + CHa) capacity of 1200 tons for each ship and considering for extra
conservativeness just 25% of remaining fuel, this leaves a total of 1800 tons of propellant to be
generated on Mars to fully refuel both vehicles. Considering a timespan of 26 months between
launch windows, this results in a 70 t/month production requirement, or 840 t/year. In this work this
value was rounded up for extra safety to 1000 ton/yr.

The molar ratio of oxidizer (O;) to fuel (CH4) is 3.6, so, out of 1000 ton/yr of propellant, the target
for methane production is 140 ton/year, which roughly translates to 16 kg/h, which is the final
production target of the reactor designed for this work.

Such a large target will probably not be needed for the first mission as, realistically, only the crewed
ship will be expected to return to avoid complicating the profile. For safety reasons it can be
expected that the crew would have the means to return to Earth even in cases of total failure of the

ISRU plan for the first of their kind missions, but if plans to set up a permanent base on Mars will go



forward, the ability to perform several launches every window will be an obvious necessity.

3.2 General Plant Scheme
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Figure 1: General plant scheme

Figure 1 provides a block scheme of the plant with its major unit operations, while Figure 2 reports
the flowsheet of the plant as reproduced in Aspen Plus®. For simplicity, the flowsheet does not

include the oxygen liquefaction unit, the carbon capture unit and the nuclear reactor, the heat
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exchangers are implemented as thermal and phase state changers and the water splitting unit is set
as a stochiometric reactor.

Using blowers, the Martian atmosphere is sent to the freezer vessels that, thanks to cryocoolers,
cause desublimation of carbon dioxide to dry ice. After sealing the vessel, dry ice is heated, causing
it to sublimate again and increase the pressure of the vessel, which is then allowed to discharge to
a buffer tank for carbon dioxide. The freezer is then sealed again, cooled until desublimation has
brought pressure down to the one provided by the blower and the cycle is started again.

To obtain water, Martian soil is heated until it releases its water content. The resulting steam is then
condensed and stored in a tank. After leaving the tank water is turned into steam and sent to the
water splitting unit where it is split into hydrogen and oxygen. This may be achieved through a solid
oxide electrolyser or thanks to a copper-chlorine cycle. The evaporation condensation steps
guarantee sufficient purity for electrolysis.

Oxygen is liquefied by cooling and compression and stored in a tank at 6 bar, ready to be fed to the
rocket engines.

Hydrogen is also cooled and compressed to 27 bar, while being mixed with a small amount of steam,
it is then merged with the hydrogen recycle stream and undergoes a final compression to the 30 bar
operating pressure of the reactor. Finally, it is mixed with fresh carbon dioxide and fed to the Sabatier
reactor.

The thermal management of the plant is very critical to achieve the desired conversion, selectivity
and for safety reasons [25][26]. To this purpose the reactor is cooled by water boiling at different
pressure (e.g. at 2.4 bar) and a small portion of the steam generated in this way is mixed to the
hydrogen feed for reaction control purposes.

The products of the reactor are cooled in a condenser to separate water as a liquid, which is then

recycled into the water splitting unit after lowering its pressure to 1 bar.



The remaining products are further cooled down to -175°C to separate methane, which is liquefied

and stored, and the excess hydrogen, which is sent to the compressors to be recycled to the reactor.
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3.3 Cyclic CO, formation and sublimation

The setup required to capture carbon dioxide has been simulated through Aspen Custom Modeler®.
Using blowers, Martian atmosphere is pushed into cylindrical freezer vessels containing cryocooler
tips. On the tips CO; desublimates creating a dry ice deposit. Subsequently, the vessels are sealed
and externally heated, causing a rapid sublimation and self-pressurization. Upon reaching the
desired pressure, the vessel is opened, and the gas is sent to a buffer tank which ultimately provides
a stable 30 bars outlet stream to the Sabatier reactor.

Once the pressure in the freezer becomes similar to the one in the tank, the vessel is sealed again

and heat is withdrawn by the cooler, restarting the freezing once the temperature reaches the



desublimation one and causing pressure to decrease again. When the internal pressure of the
freezer reaches the one that can be supplied by blowers, the vessel is opened to the atmosphere

again and the cycle restarts.
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Figure 3: Aspen Custom Modeler® flowsheet of the CO; capture unit

This cycle has been simulated in Aspen Custom Modeler®, with a final design consisting of a tank
with a diameter of 1.5 meters, a length of 3 meters and 5 freezer vessels (Figure 3) whose features

are described in the following Table 2:

Length 3m
Diameter Im
Number of cryocoolers 2080
Cycle time 12 h
Max pressure 45 bar




Mass of ice per cycle 250 kg
Inlet pressure 0.021 bar
Inlet flowrate 40 kg/h
Wall thickness 0.02m
Vessel mass 1732 kg

Table 2: Freezer vessels characteristics

The behavior of a freezer during its cycle is shown in Figure 4a, while Figure 4b shows the behavior

of the tank during time.
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Figure 4: (a) Freezer simulation in Aspen Custom Modeler® ; (b) Tank simulation in Aspen Custom Modeler®

The outlet flowrate of 45.2 kg/h (blue line in Figure 4b) is constantly guaranteed by manipulating a
valve to respond to variations in pressure (green line) caused by the outlet and inlet flows of gases.
Albeit oscillating, the average value of pressure is conveniently stable, suggesting that the
continuous work of the 5 freezer produces enough CO; to satisfy the outlet flowrate required by the
plant. If the pressure were to drop in average with time, it would mean that extra production would
be required from the freezers, achievable by reducing their cycle time by increasing the absolute
value of heat provided in the pressurization phase or subtracted in the freezing phase. On the other
hand, if the average pressure would grow over time, the freezers would be producing more CO; than
required. In this case several options are available, such as increasing cycle time or discharging the
excess in the atmosphere. Extra carbon dioxide generated over the one consumed by the Sabatier

plant can be used to cover any possible losses in the supercritical carbon dioxide heating cycle.

3.4 Water splitting methods

There are several options for fulfilling the goal of splitting the water molecule, ranging from purely



electrical methods such as electrolysis based on Alkaline or Proton Exchange Membranes [27], mixed
methods like Solid Oxide Electrolysis Cells (SOEC) that require both electrical and thermal power [27]
to purely thermal methods like the thermochemical cycles. Among these, the Copper-Chlorine cycle
(Cu-Cl) was selected as hybrid thermal-electrical option [28].

A detailed comparison between the various options, although an interesting future prospect, is not
the primary concern of this work. So, only a preliminary comparison has been done between the
two most promising methods: SOEC and the Cu-Cl cycle, both chosen because of the possibility of
recovering the ample waste heat generated by nuclear reactors.

SOECs operate typically between 500 and 850 °C [27]. The reactions for one mole of water are
shown below, with oxidation of oxide ions occurring at the anode and reduction of water occurring
at the cathode. Steam is fed into the porous cathode and when a voltage is applied, the steam
moves to the cathode-electrolyte interface and is reduced to form pure H; and oxygen ions. The
hydrogen gas then diffuses back through the cathode and is collected at its surface, while the oxygen
ions are conducted through the dense electrolyte. The electrolyte must be dense enough that the
steam and hydrogen gas cannot diffuse through it and lead to the recombination of the H, and O%".
At the electrolyte-anode interface, the oxygen ions are oxidized to form pure oxygen gas, which is
collected at the surface of the anode.

As an alternative, there are many candidates for a thermochemical cycle for water splitting, to
provide carbon free hydrogen production. A detailed comparison between possible cycles is
discussed by Mehrpooya et al. [28] . The copper-chlorine (Cu—Cl) cycle was chosen as the best suited
one for this project as it has the lowest electric consumption, operates at a maximum of 500°C and
requires no catalysts for its reactions. It is a four-step thermochemical cycle to produce hydrogen.
It is a hybrid process that employs both thermochemical and electrolysis steps. It involves

four chemical reactionsand a physical phase change. It requires cupric chloride, which is



regenerated during the cycle. The net reaction decomposes water into hydrogen and oxygen (Table
S4) [29]. This layout proposed by Orhan et al. [29] aims at maximizing energy efficiency, but in the
context of a Mars mission, it is realistic to assume that thermal energy efficiency might be sacrificed
in favor of mass and volume savings, as well as reduction in plant complexity, minimizing installation
and transportation issues and improving fault tolerance.

The operating pressure for the Cu-Cl cycle is 1 atmosphere. While this is perfectly acceptable for
oxygen as it is liquefied anyway, except the tiny portion required at 1 atmosphere for human
consumption, the produced hydrogen needs to be supplied to the Sabatier reactor at a pressure of
30 bars. This implies a significant power requirement to supply the multistage compressor utilized
to achieve the final pressure, both in the form of electrical power and cooling requirements after
each stage. Therefore, exploring the behavior of the Cu-Cl cycle at higher pressures is an interesting
future target, as well as considering alternative splitting pathways better suited for high pressure
operation.

The operating temperatures of SOECs, while still below the ones possibly provided by some possible
nuclear reactor choices, are high, thus implying that the water splitting unit might require direct
heating from the reactor instead of relying on the waste heat of fluids leaving the electrical power
generation system. This fact, coupled with the significantly higher electrical needs of SOECs
compared to thermochemical water splitting, suggests that, from an energy point of view,
thermochemical cycles may be a better choice. On the other hand, at small plant scales the
complexity of the thermochemical cycle implies that from a system mass point of view the SOECs
might be advantageous. Unfortunately, no detailed analysis is available to evaluate the mass
required for a small scale thermochemical cycle plant for water splitting.

The copper-chlorine cycle produces H; at 1 bar, so a compressor is required to feed the reactor at 30

bar. First the fresh hydrogen is pressurized to 27 bar in a 3 stage isentropic compressor with



interstage refrigeration. At the inlet of this compressor 2 kg/h of water are added, resulting in a
molar ratio of 0.026 H,0 / Ha. To prevent condensation of the water content, temperature must not
decrease below the condensation point associated with the water partial pressure in the stream.
The three stages have the same compression ratio of 3, so the stream leaves the first stage at 3 bar
and the second at 9. The corresponding partial pressures and condensation temperatures of water
are 40.5°Cat 0.078 bar and 63.8 °C at 0.234 bar, respectively. For this reason, the inlet temperatures
of stages 2 and 3 have been set to 50°C and 100°C respectively, tuning accordingly the inter-stage
cooling. The outlet flow exiting from the third stage is not refrigerated, it is mixed with the recycled
H2 coming from the CH4 liquefaction unit and the resulting stream is compressed to 30 bar in a single

stage compressor. The final electrical power duty resulted 18.75 kW.

3.5 Methanation reactor

When selecting the operating pressure of the reactor, several design concerns must be considered.
The primary one is the performance of the reactor itself: increased pressure shifts the reaction
equilibrium towards the products as well as increasing the tube side heat exchange coefficient,
which is the limiting factor in the overall heat transfer coefficient.

High pressure products are also more efficiently separated, especially hydrogen and methane that
cannot be separated by simple cooling at low pressures and would instead rely on membranes or
other methods, while still retaining the need to cool the methane for liquefaction.

Ultimately, the choice of relying on methane liquefaction for the removal and recycling of excess
hydrogen has driven the choice of the operating pressure of 30 bar and detailed sizing of the reactor
operating at 30 bar is described in paragraph 3.9. A sensitivity analysis has been also performed by
varying the operating pressure of the reactor and utilizing the mass flowrate of required feed as an

indicator of the overall system size, as the value of flowrate correlates with the size of equipment



and energy duties. As visible in Figure 5, mass flow rates decreased down to 30 bar pressure while

they increased again for higher pressure values.
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Figure 5: Sensitivity Analysis on plant size vs operating pressure
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Table 3: Conditions and results for the Sensitivity Analysis on plant size vs operating pressure

Feed pressure| Feed inlet | Coolant Feed mass | Reactor max
(bar) temperature Pressure (bar) flowrate (kg/h) temperature
(°C) (°C)

10 307 0.5 80.744 372
15 306 0.5 84.1 357
20 313 1 72.197 356
25 316 2.4 67.423 345
30 315 2.4 69.168 3335
35 315 2.4 70.531 326.6
40 315 2.4 71.784 321.8
45 315 2.4 72.953 317.9
50 315 2.4 74.053 315




A proper sensitivity analysis with all conditions kept equal was impossible when varying pressure
because, as shown in Table 3, operating at pressures lower than 30 bar requires tweaking other
variables such as coolant pressures (and therefore temperature, as it is a boiling fluid) or inlet
temperature to maintain the requirements of total conversion of carbon dioxide and a maximum
reactor temperature below 350°C.

As such, points below 30 bar might be considered outliers as they were not taken with the same
conditions. Higher pressures increased the compression power requirements, but at pressures lower
than 30 bar several issues arose. At pressures between 10 and 20 bar, the required recycle increased
significantly, as well as the maximum temperature reached by the reactor, despite the increased
cooling and lower inlet temperatures. At a pressure of 25 bar there was a minimum of the required
recycle, but the system has shown to be very sensible to temperature changes, as a 1°C drop from
316 to 315°C caused the reactor to not reach 100% conversion.

On the other hand, water splitting methods are designed to operate at Earth atmospheric pressure,
so by operating the reactor at higher pressures the energy requirement and mass of the compressor
equipment must be considered. To evaluate the possibility of operating at 1 bar, several cases have

been considered in single pass tests, the most notable ones are the following.

3.5.1 Excess Carbon Dioxide

To avoid the need of separating hydrogen from methane, one may use an excess of carbon dioxide,
to push the equilibrium towards the products, as well as providing the reacting fluid more thermal
inertia to mitigate rapid increases in temperature caused by the exothermicity of the reaction. As a
side effect of the increased volumetric flow in the reactor, the tube side heat exchanger coefficient

grows, causing the reacting fluid to be increasingly cooled by the boiling water, to the point of



requiring excessively high inlet temperatures for the reaction to occur. To prevent this, a different
cooling fluid would be required, or an increase in water pressure to raise the boiling temperature.
Two conditions were simulated, either with boiling water at 1 and 30 bar pressure. As for the former

case (Figure 6a and Table 4), incomplete H, conversion was achieved.
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Figure 6: Reactor Temperature Profile with excess carbon dioxide and (a) 1 bar coolant pressure (b) 30 Bar Coolant pressure

Coolant pressure 1 bar
Component Feed (kg/h) Products (kg/h)
CO. 400 362.27
CHq4 0 13.05
H2 8 1.35
co 0 1.22
H20 0 30.10
Coolant pressure 30 bar




CO2 400 364.44
CHa 0 12.065
H2 8 1.82
co 0 1.56
H.0 0 28.1

Table 4: Reactor stream results with excess carbon dioxide at different coolant pressure (temperature)

The feed inlet temperature for the high pressure coolant case was 305 °C and the boiling water
pressure 30 bar, corresponding to a boiling point of 233°C, simulated in a 30 tubes reactor (1 inch
internal diameter with L/D = 20). Neither in these conditions the goal of 100% H, conversion was
reached (Fig. 6b and Table 4), so a separation system for hydrogen and methane and a H; recycle
would be required. Furthermore, some CO formed as byproduct, so in such a case a second reactor
for water gas shift would be required as well.

The main issue, however, is that such a vast amount of CO; would require a significant effort for
separation and recycle. In this scenario, an interesting future prospect is the comparison between

cryogenic separation, membranes and pressure swing adsorption for this reactant.

3.5.2 Excess Hydrogen

Operating with excess Hj, on the contrary, allowed for 100% conversion of CO;, with no formation
of CO, thus avoiding the need of a second reactor as well as the need of an H,/CO; separation and
recycle system. On the other hand, this requires a separation between hydrogen and methane which
cannot simply happen cryogenically during methane liquefaction because of the low pressure.
Balancing the reactor itself also becomes harder, as temperature rises rapidly by more than 150°C
with possible unstable points (see e.g. Figure 7, curve a).

This can be mitigated by lowering the feed inlet temperature, which mitigates the temperature ramp



and shifts the hot spot towards the end of the reactor (Figure 7, curve b). The side effect of this is
that the reaction is slower at low temperature and it mainly takes place when the temperature
rapidly ramps up. As a consequence, since the equilibrium is shifted away from products at high
temperatures, conversion decreases, and even higher ratios of hydrogen would be needed to
achieve full conversion.

To mitigate the thermal ramp, higher thermal inertia would be required, which can be provided by
further increasing the hydrogen content.

By feeding the reactor with a mixture composed of 50% hydrogen and 50% carbon dioxide on a mass
basis, the reaction reached completion after less than 40 cm of the reactor, implying that only a third
of the catalyst mass was involved in the conversion, roughly 1.35 kg out of 4.05 (Figure 7, curve c).
Stream results are reported in Table 5.

Nevertheless, excessively increasing the H, content has the negative drawback of complicating the

separation in the recycle system.

Component Feed (kg/h) Products (kg/h)
CO, 45.2 2.97

CH4 0 15.39

H, 45 37.26

(0] 0 0.001

H20 0 34.57

Table 5: Reactor stream results with excess hydrogen. Inlet T: 325°C, P: 1 bar, cooling water P: 1 bar.

An alternative option to increase thermal inertia is the addition of water (Table 6), which is
convenient as it is by far the easiest fluid to separate in the product stream, thanks to a simple

condenser.



Component Feed (kg/h) Products (kg/h)
CO, 45.2 0.68

CHa4 0 16.22

H, 40 31.84

co 0 0.01

H20 20 56.44

Table 6: Reactor stream results with excess hydrogen and added water. Inlet T: 305°C, P: 1 bar, cooling water P: 30 bar.

A suitable configuration was found by selecting the following conditions. The feed inlet temperature
was set at 305 °C and the boiling water pressure at 30 bar, corresponding to a boiling point of 233
°C. A single tube reactor was sufficient with an internal diameter of 3 inches and a L/D of 15, loaded
with 4.05 kg of catalyst. With this setup the temperature ramp was limited to less than 100 °C
without unstable peaks (Figure 7, curve d).
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Figure 7: Temperature profiles in different conditions at 1 bar of feed pressure. a) 45.2 kg/h CO, 16kg/h H,,inlet T 300°C, b) 45.2 kg/h
CO, 16kg/h H,, inlet T 285°C, c) 45.2 kg/h CO, 45kg/h H; inlet T 325°C, d) 45.2 kg/h CO, 40kg/h H,, 20kg/h H0, inlet T 305°C.

Owing to the very low efficiencies of separation achievable between methane and hydrogen at



methane liquefaction temperatures, the possibility of operating at 1 bar was discarded in favor of
the 30 bar option. Furthermore, it can be concluded that even by operating in unrealistically large
excess of CO; the specifications for CH4 hourly productivity could not be met. By contrast, excess Ha,
especially with steam co-feeding to help the thermal management of the reactor allowed to reach

the fixed goal.

3.6  Water Condenser

The Sabatier reaction generates a significant amount of water, therefore, before sending the product
to liquefaction for storage, it must be removed through a condenser. Possibly the separated water
can be sent to the copper-chlorine cycle for hydrogen and oxygen generation. Since the methane
stream will be cooled for liquefaction anyway, the product stream will be pushed well below the
condensing point of water at 27 bar, the pressure of the product stream leaving the reactor, which

is 235.6 °C.

3.7 Methane separation and Hydrogen Recycle

After the removal of water, methane needs to be liquefied and stored. This is achieved by cooling
the methane-hydrogen mixture to -175 °C. The high pressure (30 bar) helps methane condensation
at relatively easier to achieve temperatures, but such a low temperature must be used to push the
separation, as the mixture has H2/CHas = 4:1 molar ratio.

By lowering the temperature to -175 °C it is possible to obtain two streams exiting the separator
with a 98.1 mol% of the main component. However, due to the significantly larger molar mass of
methane this still implies that the recycled H, stream contains 13 wt% of CHs. Lowering the
temperature even further would improve the separation but, since pure methane starts freezing

below -182.5 °C there is not much room for further temperature decrease.



3.8 Oxygen compression and condensation

Besides CH4, the rocket engine requires liquid O2. Oxygen must be fed to the engine as a cryogenic
liguid with a pressure of 6 bar, but it is generated in the plant in the water splitting section as a 1 bar
high temperature gas. So, it requires cooling, compression and phase change. To achieve this a

separate cycle has been modeled in Aspen Plus® (Figure 8).
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Figure 8: Aspen Plus® flowsheet of the Oxygen Liquefaction Unit

The oxygen cycle was simulated in a separate Aspen plus flowsheet which automatically considers
JT effect and deals with losses. The oxygen gas was expanded adiabatically to cool it and liquefy a
portion of it. No intention of recovering any amount of work from the gas flow was present to
minimize unneeded complexity and mass, especially in the context of the plant where nuclear
reactor provide vast amounts of power. Gaseous oxygen is cooled to 0°C to enter the first compressor
stage that brings it to 6 bar. It is then cooled again to disperse the heat gained through the
compression and sent to the other two stages, both with post-stage coolers that raise the pressure
up to 56 bar. The high-pressure oxygen is cooled to a relatively mild cryogenic temperature of -118

°C and then it is allowed to expand adiabatically down to 18 bar to further reduce its temperature



below its condensation point, resulting in an almost equal split between the gaseous and liquid
forms. The two fluids are separated, with the gas at 18 bar re-entering the last compressor stage,
while the liquid undergoes another adiabatic expansion down to the required pressure of 6 bar.
Because of the lower final pressure, a portion of the liquid returns in gas phase and is separated to

be recycled to the second compressor stage.

3.9 Reactor Sizing

The reactor was sized iteratively, attempting to strike a balance between maintaining a stable
temperature profile without excessive temperature ramps that could negatively affect structural
integrity and lowering the ratio of recycle to feed to avoid increasing the plant size. All while ensuring
carbon dioxide conversion is kept at 100% to avoid dealing with carbon monoxide or dioxide
separation in the product streams.

The reactor was sized as a single tube with no turns, inserted in a cylindrical shell where boiling
water flows in a counter current configuration. The tube was filled with 2.12 kg of a Ni-based catalyst.
Data for reactor sizing and for the calculation of the relevant transport parameters are reported in
Table 7, while the detailed procedure for the calculation of heat transport properties are reported

in the Supplementary Information file (Table S5).

Reactor specifications Tube Shell
Internal Diameter (mm) 63.5 98.4
Length (cm) 115 115
Wall thickness (mm) 5 2
Reynolds Number 3131 5744
Fluid convection heat transfer | 1650 42273




coefficient h (W/m? K)

Table 7: Reactor geometry and transport parameters

To lower the overall heat transfer coefficient while still using a material with strong durability,
stainless steel 316L has been chosen. With a thermal conductivity of 15 W/m K [30], the resulting
overall heat transfer coefficient for the reactor at the chosen conditions was 1180.5 W/m? K
calculated with a simplified correlation as reported in [31].

The choice of the operating temperature of the reactor was performed based on two factors: first to minimize
the required feed flow rate assumed as indicator of the overall system mass by reducing the recycle amount
and second to limit the temperatures inside the reactor below 350°C to minimize risks of catalyst deactivation
and sintering which can happen at high temperatures [10].

A sensitivity analysis has been done by varying the feed inlet temperature and the results are summarized in
Figures 9 and 10. An increase of the feed temperature raised the peak temperature reached in the reactor,
putting further challenges on its thermal management. On the other hand increasing such parameter
revealed advantageous to decrease the mass feed flow rate (and consequently the sizing and mass of
equipment. The profile visible in Figure 10 revealed a smoothing tendency, which reached almost constant
values for temperature higher than 330°C. This would suggest this value as feed inlet temperature.
Nevertheless, the hot spot was significant under these conditions, leading to the conclusion that lower inlet

temperature would be preferable to ensure reactor temperature control.
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Figure 9: Maximum temperature reached in the reactor based on feed inlet temperature
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Figure 10: Feed mass flowrate (used as indicator of plant size) against feed inlet temperature

The following case represents an acceptable compromise. The feed enters the reactor at 315 °C and
leaves it at 330°C. In the first half of the reactor the heat withdrawal from the coolant is higher than
the heat generated by the reaction, causing the temperature to slightly drop down to 301°C. As the
reaction consumes carbon dioxide the driving force of the reaction decreases, but this also lowers
the adsorption term and causes the molar ratio between H; and CO; to steadily grow, increasing the
kinetic factor. The combination of these effects increases the reaction rate to the point that the heat

generated is higher than the one subtracted, causing the temperature to rise again, up to 346 °C.



Lastly, as the carbon dioxide is fully consumed, the reaction stops and the temperature sharply drops
to 330 °C because of cooling (Figure 11).

The reactor performance is very sensitive to the coolant temperature, i.e. water pressure. If too low,
this quenches the reactor, while too high is insufficient to control the hot spot leading to unstable

behavior. A good compromise was found with a cooling water pressure of 2.4 bar.
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Figure 11: Reactor Temperature Profile: Inlet Process stream P: 30 bar, Inlet Thermal Fluid P: 2.4 bar.

Details about reactor insulation are provided in SI.

3.10 Energy saving opportunities

By applying an energy analysis to all the fluids present in the plant, a pinch point is predicted at
400°C, but as visible in the following plot, one can consider the actual pinch at 100°C (Figure 12).
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Figure 12: (a) Composite curves, temperature vs. required enthalpy of fluids in the plant; (b) analysis of the plant fluids list.

It is not possible (nor safe) to satisfy all the heating and, especially, cooling needs of the plant fluids
without external utilities. The remaining heating needs can be supplied by super-critical carbon
dioxide, drawing power from the waste heat generated by the nuclear reactor (vide infra).

The cooling requirements, instead, will need to be rejected through radiators, down to a

temperature of 0°C. Martian atmospheric and effective sky temperatures are on average lower than



0°C, but they oscillate significantly, so equipment cannot be reliably designed to reject heat down to
the average temperature all the time. On top of that, radiator mass would vastly increase as the
temperature difference between the radiator and the cold sink decreases. Using atmosphere as a
direct coolant instead is also inconvenient as the very low pressure of 7 mbar would imply
inconvenient heat exchange coefficients. Finally, further temperature reduction will be provided by

cryocoolers, using stored cryogenic liquids like methane and oxygen as mediums.

3.11 Heat exchangers sizing

The heat exchangers planned above need to be properly sized to determine their mass and evaluate
the best possible heat management strategy.

All exchangers were sized as conventional, except those related to the sublimation of frozen carbon
dioxide from the atmospheric capture unit, which were simulated and sized in Aspen Custom
Modeler®. Details are reported in the Supporting Information file.

From the data reported in Tables S6 and S7, the overall heat transfer coefficient was calculated,

leading to the heat exchangers sizing summarized in Table 8.



Heat Overall  Heat | Logarithmic mean | Tube  Wall | Exchange Area | Mass
Exchanger | transfer temperature Thickness (m?) Estimation
no. Coefficient difference (°C) (m) (kg)
(W/m?3K)
24-9 16.75 91.62 0.002 1.3724 50.84
24-8 12.67 21.17 0.002 18.6564 280.76
27-8 9.66 9.75 0.003 13.5303 312.58
27-28 170473 27.13 0.003 0.4166 14.53
27-7 86.21 48.50 0.002 0.9149 29.62
1-28 235.28 78.30 0.003 0.8953 39.37
15-6 78.20 115.90 0.002 0.3542 12.96
14-6 74.97 82.80 0.002 0.5161 18.88
2-7 143.12 34.93 0.002 3.7979 77.02
4-12 129.48 112.99 0.002 0.2229 11.68

Table 8: Heat exchangers sizing

To dispose the heat that cannot be recovered for other purposes, radiators are planned. Owing to

the very low average temperature of Mars, radiators are a viable option for heat rejection even down

to relatively low temperatures of 0°C. Detailed calculations for radiators sizing are also reported in

the Supplementary Information file.

The total surface area of radiators amounted to 170 m?, with the largest contribution coming, as

expected, from those that need to reject heat at the lowest temperatures (Table S8).




3.12 Alternative Heat Management strategy

Considering the importance of mass reduction highlighted in the introduction, an alternative heat
management strategy has been devised. It sacrifices energy efficiency, which would be the main goal
for a conventional methanation reactor on Earth, to focus on reducing the size of the equipment and
hence its mass. Since the nuclear reactor produces significant amounts of waste heat, as its electrical
output is just a fourth of its overall power output, all fluids that require heating could be serviced by
heat withdrawn from the reactor at much higher temperatures than the waste heat generated by
the plant.

To achieve this a single hot shell multitube heat exchanger with supercritical carbon dioxide has been

designed (Figure 13).
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Figure 13: Flowsheet of a supercritical carbon dioxide heating setup

To simulate the behavior of supercritical carbon dioxide in Aspen Plus®, the REFProp thermodynamic
model was used. To ensure the faithfulness of the results, a validation was performed in the relevant

temperature range (700-1000 K) by comparing calculated data with experimental ones. All the



details of validation are reported in the Supplementary Information file (Figure S5) [32], where the
detailed calculations of the transport parameters for the sizing of this alternative heating option are
also reported (Tables S9 and S10). Accordingly, for the shell side the sizing and mass estimate results
are reported in Table S11 and the resulting heat exchange features are reported in Table S12.

Since all fluids requiring heat have been dealt in this way, all fluids that require cooling will now have
to be managed using radiators. Detailed calculations of fluid properties and radiators sizing are

available in the Supporting Information file (Table S13).

3.13 Overall process energy requirements

Having simulated all major processes of the plant it is now possible to determine its electrical power
needs.

Starting from water extraction it is worth noting that while most methods rely on electrical power
to extract water from hydrated minerals, some alternative pathways are based instead on thermal
power alone. For example, collecting soil to be processed in a centralized unit powered by reactor
waste heat, instead of multiple rovers with built in water processing relying on battery power. For
this reason, electrical needs of water extraction are not accounted as part of the plant itself.
Regarding carbon dioxide capture from Martian atmosphere, the main source of electricity
consumption are the cryocoolers for desublimation. Each freezer vessel requires approximately 53
kW of electric power for 5.8 hours over a 12 hour cycle.

The freezer system also needs power for the blower pushing gases through the freezer. Its power
consumption is calculated using compressors work equations (Table S14) [31].

With 5 freezers, up to 3 can be operating in freezing mode at the same time, the maximum power
consumption is 161.5 kW, considering the extra 1.5 kW for the blowers.

The water splitting would require approximately 340 kW with SOECs, while the Cu-Cl cycle limits the

electricity consumption to 76 kW.



The hydrogen compressors require 18.3 kW with 18.08 kW for COMP-1 and 0.22 kW for COMP-2.
The oxygen liquefaction unit requires 4.31 kW for the first compressor, 2.612 kW for the second and
4.17 kW for the third, for a total of 11.09 kW.

Finally, both oxygen and methane liquefaction units require low temperatures provided by
cryocoolers. With a 1:6 Cooling Capacity/Power consumption ratio [33] and a cooling duty of 16.2
kW, this results in a power consumption of 97.2 kW.

Therefore, the overall electric consumption of the plant is 364.05 kW.

As the power consumption of carbon capture is extremely high, representing more than half of the
entire plant duty, a preliminary estimation of the power consumption in an optimized configuration
has been performed, as described in more detail as follows.

Considering a freezing rate of 20 g/h per cryocooler tip [20] with a power consumption of 16 W each
and the target of 45.2 kg/h of required CO>, 2260 tips would require constant working to satisfy the
target. Considering the downtime required for mechanical removal of the formed ice, a system of 3
freezers with 800 tips each would be enough to cover the need. Each vessel would have a power
consumption of approximately 12.8 kW, with a total of 40 kW including the blowers.

In this alternative configuration the plant would have an overall electric consumption of 243 kW

(Table 9).



Unit Operation

Electrical Power Consumption (kW)

Carbon dioxide capture - temperature swing 161.5
Carbon dioxide capture — mechanical ice removal 40
Water splitting - SOEC 340
Water splitting — Cu-Cl cycle 76
Hydrogen compression 18.3
Oxygen compression 11.09
Oxygen and methane liquefaction 97.2
Total with temperature swing capture 364
Total with mechanical ice removal 243

Table 9: Plant Electrical power consumption in kW

4 Feasibility estimate

It is safe to assume that in the overall economic planning of the mission any cost consideration
related to the procurement of the required machinery would be heavily outweighed by the cost of
launching the mass of said machinery in its multimillion kilometers journey. For this reason, no cost
estimations for the bare equipment is here provided. Instead, an order of magnitude estimation of

the plant mass has been performed to assess the feasibility of its launch on the basis of the current

missions load capacity.

4.1 Vessels

To estimate the required wall thickness of all pressure vessels in the following analysis, these

formulas were used [31]:




PiD,

2SE — P, 5)
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The former was used to estimate the cylinder shell wall thickness, and the latter for the head
thickness at the closures. D is a diameter, S is the max allowable stress, P the internal pressure and

C a design constant dependent on the type of closure. On this basis their mass was estimated.

4.1.1 Nuclear Reactors

Considering the overall electric consumption of 364.5 kW, the plant would require a minimum of 37
10 kW KRUSTY reactors [15], each counting 1800 kg, with a total mass of 66.6 ton. On the contrary,
only four 100 kW SAFE-400 [16] reactors would be needed, so the total mass in this second option
would drop between 9.5 and 17 ton, based on desired reactor redundancy [17]. This option has been
considered as the most suitable for the purposes of a first mission.

While oversized compared to the power requirement due to its 2 MWe power output, a Megapower
reactor, with a mass of approximately 20 ton [18] would also satisfy the power needs of the plant

while leaving ample extra power for water mining, scientific purposes or plant scale up.

4.1.2 Carbon Capture Unit

Both the carbon dioxide tank and the freezers need to be designed as pressure vessels as they need
to withstand significant internal pressures, up to 40 bar, for the freezers.

The required wall thickness for the tank is 24 mm for the walls and 84 mm for the head. Using
stainless steel as a material, with a density of 7750 kg/m3, the resulting mass would be 5.7 ton.

Freezers instead would require a wall thickness of 17.7 mm and a head thickness of 59 mm. On top



of that, each freezer would require 3333 cryocoolers, each with a mass of 3.1 kg [20]. The final mass
of a single freezer vessel therefore is 13.36 ton. With 5 freezers and the tank, the total mass of the
system would be 72.5 tons.

Such a high mass is unfeasible and unrealistic, owing to the current poor optimization of the cycle.
Considering the alternative configuration previously described, freezers would not be pressure
vessels, so the mass for each of them would drop to 2722 kg, and since only 3 of them would be
required, the total mass of the system with the tank would result in 13.87 ton.

Furthermore, the diminished concurrent power consumption would reduce the number of nuclear

reactors required to 3, in the scenario with SAFE-400, saving other 2.4 to 4.2 tons.

4.1.3 Sabatier Reactor

The internal wall thickness of the reactor of 5.82 mm has been selected for heat transfer purposes
but it is enough to withstand the internal pressure of 30 bar. The mass of the internal tube is 11.3
kg. The external wall thickness is 2 mm so that the resulting mass is 5.6 kg. With a catalyst mass of

2.3 kg, the final value is 19.2 kg. This is largely negligible with respect to other equipment.

4.1.4 Heat Exchangers

All heat exchangers were estimated using 2 mm for wall thickness in the case of low pressure streams
and 3 mm for 30 bar streams. The total value in the scenario with energy efficiency and heat savings
is 848 kg.

On the contrary, the total mass in the scenario with supercritical carbon dioxide covering all heating

needs is 142 kg.



4.1.5 Radiators

The mass of the radiators has been estimated using the figure of 1.55 kg/m? from reference radiators
of the same material [34]. In the scenario with higher energy efficiency, with a total area of 170 m?,
the required mass would be 263.5 kg. In the alternative scenario, the required area would be 250

m?, with a total mass of 388 kg.

4.1.6 Compressors
No readily available correlation to estimate the mass of compressors was found, so a value of 20
kg/kW was estimated by considering commercial small scale industrial compressors. According to

the power needs the resulting mass of compressors would account for 600 kg.

4.1.7 Pipes and Valves
The mass of pipes and valves has been estimated as 15% of the total mass of the plant, excluding
the carbon capture unit, water extraction unit and nuclear reactors, resulting in 260 kg for the

standard scenario and 172 kg for the one with lower energy efficiency.

4.1.8 Total mass

In the standard scenario, the total mass of the plant would be 1991 kg, while sacrificing energy
efficiency lowers it to 1321 kg. The vast majority of the mass of the plant at the current stage of the
analysis lies in the enabling systems for the plant to operate, with nuclear reactors and carbon
capture units severely outweighing the rest of the plant in any examined configuration.

The total mass of the entire system, excluding only the infrastructure required to collect water, and
considering the more efficient alternative for carbon capture and the lightest choice of nuclear

reactors is 22.3 tons, well below the maximum capacity of Starship of 100 ton.



Therefore, the overall feasibility of a launch to provide the realization of a Sabatier-based plant to

generate continuously methane on Mars would be feasible.

4.1.9 Volume Estimates

The volume of the plant machinery has been either calculated manually (for heat exchangers,
freezers, tanks, ecc.) or roughly estimated based on commercially available similar machinery
(compressors). As noted above, the portion concerning the mining and treatment of water was not

estimated. Estimates are reported in Table 10.

Unit Volume (m?3)
Heat exchangers — energy saving setup 0.39
Heat exchangers — mass efficiency setup 0.05
Radiators (folded) — energy saving setup 1.02
Radiators (folded) — mass efficiency setup 1.5
Carbon dioxide capture —temperature swing 17.08
Carbon dioxide capture — mechanical ice removal 10.01
Sabatier Reactor 0.0032
Compressors and pumps 15-2
Nuclear reactors 0.75-1
Total (with mass efficiency setup and mechanical ice removal) 14.31
Total (worst case scenario volume wise) 21.63

Table 10: Volume Estimations

The volume of the Starship vehicle payload bay in its current design iteration is roughly 1000 m?3
owing to its 8 meters of diameter and 17 meters of height [2] As such, even without considering how

volume can be saved by inserting tubes inside each other, the plant machinery can comfortably fit



inside a single starship payload bay.

Concerning the deployment and assembly of the machinery of the plant, while a detailed analysis of
such a process is outside the scope of this work, it is certain that it will have to be performed through
remotely controlled actuators. While the mass and volume of these actuators should be estimated,
there is no elements to do so, but since the mass and volume estimations provided here are merely
order of magnitude estimations, we can consider the mass and volume of the actuators as included

in that of the machinery itself.

5 Conclusions and future prospects

A methanation reactor has been designed to provide methane as fuel for return flights from Mars
to Earth exploiting locally available resources. Though the design should be refined, optimized and
validated against kinetic data collected under the operating conditions on Mars, yet the design is
feasible, considering the load capacity of the current vectors, leaving ample margins for further
optimization.

While this work already aims at an optimistically large methane production target for early Mars
missions, stated goals by SpaceX of increasingly frequent launches between the two planets, coupled
with the renewed competition between nations in the field of space exploration, suggest that in a
timeframe of a few decades even bigger plants might be required. Exploring the challenges
associated with scale up in such a hostile environment is an interesting future prospect.

The process requires significant amount of water and by increasing the size of the plant, the
consumption of limited and non-renewable water resources in the Martian soil becomes a rapidly
growing issue as any conceived water extraction method would need to process larger quantities of
soil and cover longer distances.

Power generation and waste heat management are important issues too, when considering the scale



up of the plant: a very large plant could warrant the development of gigawatt class reactors suited
for Mars operation, especially if paired with more ambitious ISRU projects like on site manufacturing.
Depending on Earth for expanding infrastructure would strongly limit the opportunity to grow
production as any increase in capacity would require, at minimum, years of planning, waiting for
launch windows and interplanetary travel times. In the scenario where a permanent colony would
be established, an invaluable capability would be the manufacturing of machinery required to
expand or repair the plant using Martian resources. In such a case an interesting prospect would be
adapting the plant to the realistically limited early manufacturing capabilities of a small initial colony,
for example by considering available materials as well as trade-offs between efficiency and simplicity.
The freezer system simulated in Aspen Custom Modeler®, while successful in simulating a cycle
capable of producing the target amount of carbon dioxide, is very inefficient. The power
consumption is by far the largest in the entire plant and it is a significant contributor to the overall
mass of the system. A root cause of this issue is the design of the cycle itself: freezing of the Martian
atmosphere and sublimation to achieve high pressure physically happen in the same vessel. This has
three major consequences. First, the vessel needs to withstand the high pressure reached by the
sublimating carbon dioxide, requiring a significant wall thickness that significantly increases the
mass. Secondly, freezing happens at around 150 K while providing heat for sublimation can cause
temperatures in the simulation to rise up to around 400 K. This implies that a lot of heat is wasted
when changing the temperature of the vessel, especially heat at low temperatures which is hard to
reject. On top of that, the temperature change also increases cycle time, reducing efficiency even
more. Thirdly, even after reaching the correct temperature, sublimation still requires time to occur,
driving up the overall cycle time.

A possible solution is to avoid the self-pressurization in the freezer vessels and, instead, design a

mechanical system to collect dry ice and directly inject it into the tank where sublimation can freely



occur. With such a configuration, only the tank would require the extra wall thickness of a high-
pressure vessel, and freezers could operate in freezing mode continuously, requiring only a short
break for the mechanical removal of solids, drastically improving cycle time.
Worth mentioning are, also, the prospects previously discussed:

i) Exploring alternative water extraction pathways
From simply drilling to access deep ice deposits, the exploitation of Martian ice caps or incremental
improvements to Martian mineral processing to more far-fetched options like recovery of water from
the asteroid belt.

i) Developing new kinetic models
The kinetic models analyzed for this project have room for improvement in their accordance to
experimental data. Data for the kinetic model extraction were taken at 1 atm of pressure. Developing
a kinetic model more suited for this precise application is a necessary step to improve more precisely
the design of the reactor. It should be underlined however that the reactor, for mass and energy
requirements is by far one of the smaller requirements, so imprecise sizing at this stage is not a real
issue. A better kinetic model would be instead important for dynamic modelling, cooling design and
stability analysis. This is important since the reliability of all the mission is based on the production
capacity of this item.

iii) Power generation options
As the process is very energy intensive, developing the best suited power generation option is critical
in improving the overall design. With fission power representing the best option for power
generation on the surface as well as for maximizing fuel efficiency in space, a very interesting
prospect lies in the designing of a dual-purpose reactor capable of providing thrust for interstellar
travel as well as electrical power once on the surface.

iv) Water splitting methods



Hydrogen and oxygen production is a critical part of the process, with many interesting pathways to
pursue. An analysis to determine which method is best suited to provide high pressure hydrogen can
help simplifying the plant by reducing hydrogen compression needs. If the behavior of
thermochemical cycles under pressure is found to be still acceptable, the hydrogen compression
step could be replaced entirely by much less impacting liquid water pumps. Solid oxide water
electrolysis cells also show promising performance at pressures higher than 1 bar, although not as

high as 30 bars.

Supporting Information

The Supporting information file is available online and includes: i) Kinetic data and model details
and validation with experimental data; ii) CO, sublimation curves; iii) Reactions for the water
splitting cycle; iv) Reactor balance equations; v) Detailed calculation of heat transport for the
reactor; vi) Insulation requirements; vii) Validation of supercritical CO, properties; viii) Detailed
calculations for the Supercritical CO2/nuclear reactor alternative heating; ix) Power input to the

plant.
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