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Significance

 Oxygen plays a crucial role in the 
growing space economy as an 
oxidizer for rocket propellants 
and human life support. Studies 
predict that sourcing oxygen 
from the Moon’s raw materials 
can improve space transport 
architecture due to its shallower 
gravity well, and can support 
permanent settlements in the 
Solar System. However, there are 
currently no dedicated models 
for the energy requirements of 
oxygen production on the Moon 
that consider entire production 
chains. This study provides an 
energy analysis from raw 
material to stored liquid oxygen 
for a promising lunar oxygen 
production technology, which can 
assist in comparing technologies, 
and provides data for techno-
economic assessments. Our 
findings have significant 
implications for optimizing 
locations of future lunar oxygen 
production sites.
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Spacecraft using combustion engines require substantial amounts of oxygen for their pro-
pellant. The Moon could be a source of oxygen for rocket propellant, since the material 
composing the lunar surface can be processed to extract oxygen. However, little is known 
about overall energy requirements of the processes described in the literature for oxygen 
extraction from lunar regolith. This knowledge gap constrains the planning of lunar 
missions, since the scale of energy infrastructure required for oxygen production facilities 
is not well characterized. This study presents an energy consumption model for oxygen 
production via hydrogen reduction of the mineral ilmenite (FeTiO3). We consider an 
end-to-end production chain starting from dry regolith as the feedstock. The production 
includes the following process steps: excavation, transportation, beneficiation, hydrogen 
reduction, water electrolysis, liquefaction, and zero boil-off storage. The model predicts 
the energy demand per kilogram oxygen produced based on adjustable parameters for 
each process step. As expected, the model indicates a strong dependence on feedstock 
composition. For regolith composed of 10 wt% ilmenite, the model predicts that a total 
of 24.3 (± 5.8) kWh is needed per kg of liquid oxygen produced. This study confirms 
that the hydrogen reduction and electrolysis steps have the highest energy requirements 
in the production chain. Sensitivity analysis reveals that the enrichment factor of the 
beneficiation process is the most critical parameter for optimizing energy utilization. 
Overall, this study provides a parameterized end-to-end model of energy consumption 
that can serve as a foundation for various production systems on the Moon.

lunar oxygen production | energy requirements | hydrogen reduction process |  
in-situ resource utilization | space exploration

 Driven by significant efforts from both space agencies and private enterprises, there is a 
rapidly growing momentum toward establishing permanent settlements on the Moon and 
Mars in this century ( 1 ). As humanity expands into the Solar System, in situ resource 
utilization (ISRU) is needed to ensure critical supply chains ( 2 ,  3 ). Oxygen is a funda-
mental commodity needed for the space economy due to its role in life-support systems 
( 4 ), and as an oxidizer in the propellant of spacecraft and satellites ( 5   – 7 ). Oxygen comprises 
approximately 80% or more of the mass for most combustion based propellants, such as 
methalox and hydrolox rockets ( 8 ,  9 ). In order to lift or land cargo from a planetary body 
with a mass greater than a small asteroid (~107  to ~108  Gtonnes) ( 10 ,  11 ), chemical rockets 
are required ( 12   – 14 ), which commonly use oxygen as the oxidizing agent ( 13 ). Producing 
oxygen on the Moon instead of on Earth can be economically advantageous due to the 
Moon’s weaker gravity ( 8 ). Hence, less propellant is needed to launch cargo into orbit 
from the lunar surface compared to launches from Earth’s surface ( 8 ). If Earth-based 
rockets could refuel in space, for example at a propellant depot placed in Earth-Moon 
Lagrange point 1 (EML1) this could greatly improve the launch efficiency ( 8 ). As a rule 
of thumb, rockets launched from Earth destined for EML1 must burn ~25 kg of propellant 
to transport 1 kg of payload, whereas rockets launched from the Moon to EML1 would 
burn only ~4 kg of propellant to transport 1 kg of payload ( 15 ). The development of a 
cislunar refueling station supported by lunar resources is now viewed as a key stepping 
stone toward permanent settlements in the Solar System ( 6 ,  16   – 18 ). In the future, asteroid 
mining may also supply oxygen for the space economy ( 19 ); however, this study focuses 
on lunar-derived oxygen.

 The lunar surface is covered by an unconsolidated layer of material called regolith that 
is made of several meters of rocks, fine-grained material, and glass particles ( 20 ). 
Geographically, the Moon has two distinct features called Highland and Mare which differ 
in regolith properties ( 21 ). The Mare regions appear darker and are rich in iron, while the 
so-called High-Ti Mare are also rich in titanium. The Highland regions appear lighter D
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and are rich in aluminum silicates, specifically anorthite 
(CaAl2 Si2 O8 ). Regolith thickness varies between 4 to 5 m and 10 
to 15 m in Mare and Highland regions respectively ( 22 ). The 
element oxygen comprises approximately 45% by mass of the 
lunar regolith, but is mostly bound in strong chemical bonds to 
other elements ( 23 ). The oxide abundances in regolith samples 
from Mare and Highland recovered by Luna and Apollo missions 
showed variability and were approximately SiO2  (45 wt%), fol-
lowed by Al2 O3  (11 to 20 wt%), FeO (5 to 20 wt%), CaO (11 to 
17 wt%), MgO (4 to 10 wt%), TiO2  (0.5 to 8 wt%) ( 20 ). Of 
these oxide components, iron oxides are more easily reduced to 
liberate the oxygen (SI Appendix ). Regolith has been created by 
over 4.5 billion years of asteroid impacts, solar wind, and radiation 
( 24 ). The regolith contains a fraction of agglutinates, created from 
the joining of preexisting grains by impact glass formed by mete-
orite collisions. Lunar regolith is unlike terrestrial material, because 
it is not subjected to weathering by an atmosphere and water. 
Mineralogically, the Highlands are primarily composed of lighter 
minerals like plagioclase, and constitute the majority of the Moon’s 
regolith ( 25 ,  26 ). The Mare regions, originating later from aster-
oidal impacts and subsurface volcanism, contain heavier minerals 
like ilmenite, pyroxene, and olivine ( 25 ,  26 ).

 Over 20 candidate technologies have been identified for the 
production of oxygen on the Moon ( 5 ,  27 ,  28 ). The element 
oxygen occurs primarily in two forms on the lunar surface: in 
ubiquitous oxygen-bearing minerals in lunar regolith and in 
water-ice predicted to be found primarily in permanently shad-
owed regions, such as craters, at the south pole ( 29 ). Oxygen can 
be extracted from water-ice-containing regolith by heating the 
regolith, capturing the released water vapor and performing water 
electrolysis ( 30 ). Oxygen can also be produced from nonicy reg-
olith by employing redox reactions, such as hydrogen reduction 
( 31 ), molten salt electrolysis/FFC ( 4 ), molten regolith electrolysis 
( 32 ), carbothermal reduction ( 33 ), ionic liquid processing ( 34 ), 
and vapor phase pyrolysis ( 22 ). These technologies enable liber-
ating oxygen from different minerals and require different amounts 
of power or heat. Furthermore, these technologies have different 
upstream processing requirements. Since the production chains 
vary substantially, end-to-end production chain modeling is nec-
essary to quantitatively compare the energy consumption of these 
technologies. Space agencies have identified the need to improve 
the understanding of system power requirements for ISRU oxygen 
production as a Strategic Knowledge Gap, falling under the Lunar 
Production Efficiency II category of the International Space 
Exploration Coordination Group ISRU Gap Assessment Report 
of 2021 ( 17 ).

 Among the various technologies for lunar oxygen production, 
reduction of ilmenite (FeTiO3  or FeOTiO2 ) using hydrogen gas 
(commonly referred to as hydrogen reduction) is one of the most 
mature, has the most available data, and is often used as a baseline 
for comparisons ( 23 ,  35   – 37 ). Hydrogen reduction of ilmenite for 
lunar oxygen production was first described in 1979 by William 
et al. ( 38 ,  39 ), and was granted a now expired patent in 1990 ( 40 ). 
Currently, at least two known prototype systems exist of this tech-
nology, ProSPA which may fly on a NASA CLPS mission ( 41 ) 
and a breadboard demo plant called ALCHEMIST-ED located 
in Luxembourg ( 42 ).

 The hydrogen reduction process consists of heating beneficiated 
regolith between 800 to 1100 °C which enables the reaction of 
hydrogen gas with the FeO in ilmenite to produce Fe, TiO2 , and 
H2 O (H2  + FeOTiO2  → H2 O + Fe + TiO2 ), where water is sub-
sequently condensed and electrolyzed to form molecular oxygen 
(O2 ) and hydrogen (H2 ). Modeling this process for oxygen pro-
duction is simpler than others, because it primarily liberates 

oxygen that is found in ilmenite, with minimal reactions of hydro-
gen with other compounds in the regolith. Thus, for the purpose 
of estimating energy consumption, this enables abstracting from 
the complex nature of regolith mineralogy without losing sub-
stantial accuracy. In other words, the main regolith mineralogical 
property that must be known to model hydrogen reduction is the 
ilmenite concentration. Therefore, to develop this end-to-end 
model, we prioritized the investigation of hydrogen reduction. 
We made several additional assumptions to reduce the complexity 
of the model. For example, we assume that the regolith feedstock 
has sufficient liberation, such that ilmenite and gangue (nonreac-
tive material) can be separated during beneficiation (enrichment), 
and the particle size is sufficiently small to allow ~50% of the 
ilmenite in a particle to react. Furthermore, we neglect the impact 
of contaminants such as hydrogen sulfide (H2 S) or hydrochloric 
acid (HCl) which could form troilite (FeS) or chlorapatite 
(Ca5 (PO4 )3 Cl), respectively, and require gas clean-up prior to 
electrolysis ( 39 ). We do not account for hydrogen leakage which 
would primarily impact system mass, nor the indigenous presence 
of hydrogen in the regolith, estimated to be ~150 ppm ( 39 ). We 
neglect the potential of oxygen leakage in the production chain. 
Finally, we conservatively neglect the potential for H2  reduction 
to liberate oxygen that is found in TiO2 , in glass phase FeO, and 
in silicate minerals present in the regolith. Our model is agnostic 
to the potential energy sources such as photovoltaics or 
nuclear energy.

 Although there are existing studies on the energy requirements 
for oxygen production via hydrogen reduction, these studies 
mainly focus on the hydrogen reduction step itself with little con-
sideration of the rest of the production chain ( 27 ,  43 ,  44 ). Other 
studies consider the entire process chain, but are focused on metals 
production, hardware mass, and mass payback ratios ( 45 ). More 
information on existing literature for energy requirements for 
lunar oxygen production is provided in the Discussion  and 
﻿Dataset S1G .

 This study presents an end-to-end energy consumption model 
for oxygen production via hydrogen reduction of ilmenite. The 
model is modular, such that individual processes can be replaced, 
and individual parameters can be updated with additional data 
from future lunar exploration. This study aims to quantify the 
energy required per kg of liquid oxygen produced as a function 
of ilmenite concentration in the raw regolith material. It compares 
the energy requirements of the individual process units and iden-
tifies the most influential parameters along the production chain. 
Additionally, a preliminary location-dependent assessment of the 
energy requirements of oxygen production is performed, which 
is visually represented on a map of the lunar surface. 

Results

 The energy required for the end-to-end production of liquid oxy-
gen on the Moon starting from regolith is considered. The process 
units in the model are displayed in  Fig. 1 . The energy consumption 
model calculates the electrical energy required per unit mass of 
liquid oxygen produced. The analysis is performed in two parts: 
a mass yield analysis and an energy requirement analysis. The 
calculations are performed per 1 kg regolith input, and then the 
results are normalized to 1 kg liquid oxygen output (1 kg LOX). 
Across the production chain, the energy requirement, mass con-
version efficiency, and composition of flows are calculated 
(Methods ). The model considers a mineral composition of the 
regolith ranging from 1 to 15% ilmenite. This model serves as a 
baseline solved with simplifying assumptions, upon which more 
complexity can be added in the future. Therefore, this model does D
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not consider the impacts of soil maturity, Mg inclusion in TiO2,  
nor the impact of particle size. Instead, the model considers only 
one mineralogical parameter for regolith which is the ilmenite 
concentration of the feedstock. Furthermore, it is assumed that 
all ilmenite is in a state that can react with hydrogen, and that 
~50% of the ilmenite will react. Since this study uses hydrogen 
reduction of ilmenite, the energy cost per kg LOX is a function 
of the ilmenite concentration in the regolith (i.e., the head grade 
ilmenite).        

  Fig. 2A   shows the relative energy consumption across the pro-
duction chain with respect to variable ilmenite concentration in 
the regolith (ilmenite wt%). In  Fig. 2B   a specific value of 10 wt% 
ilmenite is chosen for the baseline results, and the relative energy 
consumption for each process unit is depicted in more detail. The 

value of 10 wt% ilmenite is chosen to represent a feedstock with 
relatively favorable ilmenite concentration, where hydrogen reduc-
tion technology is more likely to be suitable. This concentration 
level could be found, for example, in Mare Tranquillitatis ( 46 ). 
The total energy consumed across the production chain for 10 
wt% ilmenite feedstock is 24.3 (±5.8) kWh/kg LOX. As indicated 
in  Fig. 2B  , the model predicts that the largest electricity consumers 
are hydrogen reduction (~55%), electrolysis (~38%), and lique-
faction (~4.8%). The energy consumption of excavation, trans-
portation, beneficiation, and storage is much lower, with a 
combined consumption of less than 5%. Notably, the energy 
required per kg LOX for electrolysis, liquefaction, and storage 
does not change with ilmenite concentration. On the other hand, 
the energy per kg LOX consumed by the hydrogen reduction step 

Fig. 1.   Regolith to oxygen mass flow and energy requirements diagram. P1 relates to specialized rovers that excavate regolith from the lunar surface. P2 
corresponds to the transportation of regolith to a processing facility. P3 refers to the beneficiation system which enriches the concentration of ilmenite (FeTiO3) 
and rejects unwanted materials. P4 describes the high-temperature reactor, in which hydrogen (H2) reacts with the FeO in ilmenite at 900 °C forming Fe and H2O. 
Subsequently, gaseous water is removed from the reaction chamber and condensed into liquid water, which is transferred to step P5, electrolysis. P5 relates 
to water being electrochemically split into hydrogen (H2) and oxygen (O2). The hydrogen (H2) is recycled back toward step P4. P6 describes the cryocooling step, 
which converts oxygen from gaseous to liquid state (at −183 °C). Finally, process P7 describes zero-boil-off storage of liquid oxygen. In the modeling, each process 
has an input and output substance, and the process may alter the mass and chemical composition of the substance. Furthermore, each process has energy 
requirements, which are calculated based on empirical data and first principles, as explained in Methods.

A B

Fig. 2.   Predicted utilization of energy per kg LOX across the regolith-to-oxygen production chain, (A) as a function of ilmenite concentration and (B) at 10 wt% 
ilmenite concentration.D
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strongly depends on the ilmenite concentration, because with 
lower ilmenite wt%, more energy is wasted to heat the nonreactive 
regolith material. This relationship is shown in  Fig. 3 , which com-
pares the different energy sinks in the hydrogen reduction reactor, 
(A) as a function of ilmenite concentration and, (B) using a fixed 
10 wt% ilmenite concentration feedstock.                

 For each batch of regolith processed, the energy lost due to 
insulation heat loss remains constant, but since more LOX is pro-
duced for higher ilmenite wt%, the energy required per kg LOX 
decreases with higher ilmenite wt%. Contrarily, the energy 
expended for heating hydrogen and sustaining the endothermic 
reduction reaction increases with higher ilmenite wt%, but LOX 
production also increases, resulting in a constant energy expend-
iture per kg LOX. Overall, the energy required per kg LOX 
decreases significantly for higher initial ilmenite concentration.

 Next, the relationship between ilmenite concentration and 
energy cost per kg LOX is geographically represented on the lunar 
surface, as shown in  Fig. 4 . We emphasize that this representation 
is a rough approximation, which aims to illustrate the generalized 

geographic trends in energy requirements for this technology, even 
if the calculations are not based on comprehensive geotechnical 
parameters. The map shows the energy (kWh) required to produce 
1 kg of LOX, with red being high cost, blue being low cost, and 
uncolored areas containing insufficient ilmenite to be considered. 
The map highlights the economic importance of the lunar equa-
torial regions for oxygen production via hydrogen reduction, and 
specifically the High-Ti Mare regions, which exhibit the lowest 
energy requirements. Three Mare locations are depicted which 
exhibit favorable energy requirements.        

 To generate  Fig. 4 , we first use the TiO2  map provided by Lunar 
Reconnaissance Orbiter Camera (LROC) ( 47 ). Then, we use a 
regression to convert TiO2  wt% into ilmenite wt% described in 
the study of Coman et al. (ilmenite wt% = 1.06 × total TiO2  wt% 
− 0.16) ( 48 ). The regression is only suitable where TiO2  is above 
2 wt% ( 48 ). This regression implies that ~50% of TiO2  occurs in 
nonilmenite minerals (such as augite, rutile, spinel, and armalco-
lite). Although the regression could be adjusted with differing soil 
maturity ( 48 ), such level of detail is beyond the scope of this study 

A B

Fig. 3.   Predicted hydrogen reduction reactor energy requirements comparison, (A) as a function of ilmenite concentration and, (B) at 10 wt% ilmenite concentration.

Fig. 4.   Energy per kg LOX mapped onto the lunar surface depending on ilmenite wt%. The 2D lunar surface is depicted from +75 to −75 degrees latitude. The color 
coding shows the lower energy requirements (blue being favorable) to higher energy requirements (red being unfavorable) for LOX production. The resolution 
of the data is 400 m/pixel. Gray areas without color coding depict regions where ilmenite wt% are expected to be below 2%, which are not considered. Ilmenite 
wt% is thresholded to a maximum value of 15%, because higher concentrations are usually found in less easily exploited solid ores as opposed to granular 
materials. The spherical Moon on the Top Left identifies the position of the three Mare locations, and does not occlude any data.D
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and is not considered here. Furthermore, the grain size of the 
regolith particles, which can impact both beneficiation efficiency 
and the fraction of ilmenite that is reactive, is not included as a 
parameter in this model. Therefore, our study uses the estimate 
that 10 wt% TiO2  in regolith is equivalent to ~10.4 wt% ilmenite. 
We note that TiO2  concentration data from LROC is unavailable 
when concentration is below 2% and when latitude is beyond ± 
75 degrees. Hence, the map displayed in  Fig. 4  does not have an 
energy layer for such areas. Furthermore, ilmenite concentrations 
above 15 wt% likely correspond to ores contained in basalt rocks 
( 49 ), whereas less than 15 wt% is common in loose granular mate-
rial. As rocky feedstocks require specialized machinery that are 
not well characterized yet for lunar applications, these are not 
considered in this study. Therefore, we threshold all ilmenite con-
centration above 15 wt% on the map to a maximum value of 
15 wt%.

 The regression used provides a rough approximation of ilmen-
ite concentration, and can be inaccurate for certain localized 
geology, for example pyroclastic deposits. Researchers have 
grouped local pyroclastic deposits (LPDs) into three classes ( 50 ) 
and Gaddis et al. mapped 75 LPDs ( 51 ) on the lunar surface. Of 
the different LPDs, the regression is expected to overestimate 
ilmenite for LPDs that contain substantial nonilmenite TiO2  
carriers, such as pyroxenes and glasses. On the other hand, some 
regional dark mantling deposits could contain significant ilmenite 
and have been identified as valuable targets for lunar bases, such 
as Taurus-Littrow, Rima Bode, Southern Mare Vaporum, and 
Southern Sinus Aestuum ( 50 ,  52 ). However, given that ilmenite 
occurs in various petrographical forms in these areas, the effec-
tiveness of beneficiating and reacting the ilmenite from these 
resources remains to be determined. In this study, we do not 
distinguish petrographical impacts (such as grain size, presence 
of beads, and the association of ilmenite with olivine) on the 
beneficiation and reaction efficiency. In the future, more orbital, 
ground, and experimental processing data will become available 
to increase the accuracy of resource viability maps such as the 
one presented in this work. 

Sensitivity Analysis and Uncertainty. We perform a sensitivity 
and uncertainty analysis, where a total of 22 free and independent 
parameters are identified. Dataset  S1F includes the parameter 
ranges, chosen values for the baseline model, and sensitivity 
metrics. For the sensitivity analysis, we set a fixed 10 wt% ilmenite 
concentration, varied one parameter at a time within its range 
while keeping the other parameters at their default values, and 
measured the model outputs. The five parameters which, given 
their min and max input values, had the largest impact on the 
model results are summarized in Table  1 and Fig.  5. For the 
unitless sensitivity metric in Table 1, we approximated the slope 
of the parameter impact, by dividing the percentage change from 
baseline in the model outputs by the percentage change from 
baseline in the inputs (Dataset  S1F). The two most sensitive 
parameters are the enrichment factor and electrolyzer efficiency 
(increasing each will lower the total energy). Fig. 5 shows that the 
enrichment factor has a nonlinear impact on the model output. 
Furthermore, one can see that although the electrolyzer efficiency 
has a similar sensitivity (slope), the expected range is much smaller 
than for the enrichment factor.

 Next, the systematic uncertainties in the energy utilization per 
kg LOX are estimated by Monte Carlo error estimation ( 53 ). A 
uniform distribution is used as a probability density function for 
each parameter, the values for each of the 22 parameters are simul-
taneously and independently drawn within the min and max 
values shown in  Table 1  and Dataset S1F , and the simulations are 

performed N = 1,000 times for each of the 29 different ilmenite 
concentrations from 1 wt% to 15 wt%. The variability of these 
results for different ilmenite concentrations is depicted in  Fig. 6 .        

 In  Table 2 , the Monte Carlo analysis is used to determine the 
amount of energy expended in each process step. The sum of the 
interquartiles (IQRs) of each process divided by two is used to 
define the error range of the estimated energy use at 10 wt% 
ilmenite in this study, i.e., 24.3 (± 5.8) kWh/kg LOX. 

 Notably, the primary source of uncertainty in the hydrogen 
reduction process can be attributed to the variability in the enrich-
ment factor within the upstream beneficiation process. The enrich-
ment factor is defined as the beneficiation process’ ilmenite wt% 
in output divided by the ilmenite wt% in the input. This param-
eter significantly influences the uncertainty associated with the 
hydrogen reduction process. The enrichment factor is identified 
as the most critical parameter in the model due to its high uncer-
tainty and significant impact on the process with the highest 
energy consumption.   

Discussion

 This study presents an end-to-end energy consumption model for 
the production of liquid oxygen on the Moon via hydrogen reduc-
tion of ilmenite. The results indicate a strong dependence of the 
energy demand based on feedstock composition. The majority of 
energy in the production chain is allocated to the high temperature 
hydrogen reduction (~55%) and electrolysis steps (~38%). Within 
the hydrogen reduction step, heating of hydrogen consumes 27% 
of energy demanded and heating regolith consumes 55%. The 
sensitivity analysis identifies the enrichment factor associated with 
the beneficiation process as the most critical parameter for improv-
ing energy utilization.

 This study indicates that the majority of energy is expended on 
the chemical reaction processes and comparatively less on the 
mechanical and physical state change steps. Specifically, the heating 
of regolith, hydrogen, and ilmenite to the reactive temperature of 
900 °C uses the most energy in the system. The beneficiation step 
modeled here enriches ilmenite using electrostatic properties and 
uses little energy directly; however, it modifies the composition of 
feed sent to the reactor, which strongly influences overall energy 
expenditure. Therefore, this study shows that improved beneficia-
tion can significantly decrease the energy requirements of LOX 
production. When the material transferred to the reactor contains 
higher ilmenite wt%, less energy is wasted on heating the nonreac-
tive regolith material. Heating nonilmenite containing regolith is 

Table 1.   Sensitivity analysis summary table for the five 
most critical parameters

Parameter values

Total energy
at 10 wt% 
ilmenite

(kWh/kg LOX)

Sensitivity 
metric (Δ% 
energy/Δ% 

input)

Parameter min utilized max min max

 Enrichment 
factor (unitless)

 1.5  6  10.5  53.43  20.44  −0.39

 Batch reaction 
time (h)

 0.5  2.5  4.5  21.00  25.95  0.12

 Electrolyzer 
efficiency

 50%  60%  70%  26.13  22.94  −0.38

 Ceramic Fiber 
Insulation (cm)

 0.02  0.06  0.10  23.38  25.23  0.06

 Temp. of H2 
before the 
heater (K)

 623  723  823  25.08  23.46  −0.24
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inefficient because it yields no oxygen and has higher specific heat 
capacity than ilmenite, requiring ~0.24 kWh/kg to go from 0 °C 
to 900 °C, compared to ilmenite requiring only ~0.21 kWh/kg.

 Direct comparison of our results with other studies is challenging 
due to differences in technologies considered, assumptions, and 
methodologies. A literature review of energy estimations for lunar 
oxygen production is available in Dataset S1G . The review paper 
of Taylor and Carrier from 1993 ( 39 ) provided rough estimates for 
energy needs. They assumed an initial ilmenite concentration of  
5 wt% with an enrichment factor of 10, and production scale of 
1,000 tonnes/y. They do not state several other important param-
eters, such as the recovery rate of ilmenite in beneficiation. They 
estimate that the energy needed for hydrogen reduction of ilmenite 
is approximately 3 MWyear  (~26 GWh), equivalent to 26 kWh/kg 
LOX, which is similar to our finding of 24.3 (±5.8) kWh/kg LOX. 
The same study also provides estimates for other technologies, 
which fall between 18 to 35 kWh/kg LOX. Their study states that 
this energy need represents the requirements to mine, transport, 
and process lunar ore, which leaves the precise definition of the 
envelope they considered ambiguous.

 Kornuta et al. ( 9 ) investigated a system utilizing water-ice as the 
feedstock. They predict that producing 2,178 tonnes of LOX per 
year would require 2.8 MW, which is equivalent to 11.3 kWh/kg 
LOX. Their production chain includes sublimating ice, electrolysis, 
robotic systems, pumps, cryocoolers, heaters, communications, 
and lesser subsystems ( 9 ).

 Some studies have developed end-to-end models for 
regolith-utilizing processes. Chen et al. studied space logistics 
optimization for Earth, Moon, and Mars transportation networks, 
and evaluated trade-offs in ISRU configurations ( 2 ). Considering 
the wide scope of their study, they present a simplified model of 
LOX energy consumption that does not consider regolith mineral 
composition as a parameter. They assumed that concentrated solar 
energy provides the main reactor heating energy demand, and so 
do not explicitly quantify the energy need for carbothermal and 
hydrogen reduction systems. They highlight that the storage size 
for LOX will depend on the frequency of launches, where higher 
launch frequency entails smaller storage needs. Guerro-Gonzalez 

and Zabel, present an end-to-end model for ISRU plants that 
produce metals with oxygen as a coproduct ( 45 ). Their study uses 
similar processing steps as ours but the results are not directly 
comparable because oxygen is a coproduct in their study. 
Furthermore their focus is on system mass instead of system energy 
use. They find that with a feed containing 7.5 wt% ilmenite and 
higher, hydrogen reduction outcompetes molten regolith electrol-
ysis and molten salt electrolysis in terms of mass payback ratios.

 This model is based on several simplifying assumptions and 
extrapolations from limited experimental data and can be improved 
as lunar exploration advances. Except for transportation, the other 
technologies considered in the production chain have yet to be 
demonstrated on the Moon. Hence, the results of the current model 
depend on limited experimental data (such as parabolic flight tests 
for electrostatic beneficiation), which may change in the future.

 This current model assumes the excavator always works on the 
surface layer of the lunar regolith; however, it is possible to add 
excavation depth as a parameter. Additional data from the lunar 
surface about regolith geotechnical properties such as cohesion 
coefficient and soil density will improve modeling the energy con-
sumption of excavators and transport systems. Furthermore, the 
impact of rocks and other impediments to excavators and trans-
port systems, as well as real-world planned traverse paths that have 
specific topography and terrain types, could be added to future 
versions of the model. Notably, in the future, rail and other trans-
port networks may be developed on the surface ( 54 ,  55 ).

 The Moon’s regolith varies in petrography, particle size distribu-
tion, maturity, and other characteristics based on geological soil 
formation processes ( 56 ). Hence formation processes can signifi-
cantly impact the effectiveness of beneficiation, which could be 
reflected in future versions of this model. This model did not explic-
itly consider grain size separation in beneficiation. Sorting regolith 
by particle size can assist to dedust and remove coarse-grain materials, 
enrich the target mineral, and homogenize the feedstock which can 
improve the efficiency of both the mineral sorting beneficiation 
techniques and the hydrogen reduction reactor ( 57 ). Generally, larger 
particles have slower reaction rates and lower yield due to gas diffu-
sion limitations as described in the shrinking core model ( 58 ,  59 ).

 Our study confirms that beneficiation is an ISRU topic  
that requires additional research on process yields, energy require-
ments, available equipment, and performance in low gravity ( 21 , 
 60 ). The importance of this knowledge gap is highlighted by the 
enrichment factor’s large impact on the overall results of our 

Fig. 5.   Sensitivity analysis for baseline hydrogen reduction of ilmenite 
production chain using a 10 wt% ilmenite feedstock, individually varying 
the parameters to min and max values (Dataset S1F). The x axis represents 
the percent change of parameter inputs and the y axis represents the 
corresponding total energy use in kWh/kg LOX. The 5 out of 22 most important 
parameters are depicted based on which parameters cause the largest 
variations in model results over their range.

Fig. 6.   Total energy required per kg LOX as a function of ilmenite 
concentration. The center lines in the boxes are the medians, the endpoints 
of the boxes are the Q1 and Q3 quartiles, and the endpoints of the whiskers 
are the minimum and maximum of the distributions excluding outliers.
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model. Using 10 wt% ilmenite and varying the enrichment factor 
from 1.5 to 10.5, the total energy consumption of the production 
chain varies from 53 to 23 kWh/kg LOX. While this study con-
sidered the use of electrostatic separation (Methods ), several other 
methods have been described in the literature, including magnetic 
separation and electrostatic traveling wave ( 61   – 63 ). Furthermore, 
researchers are developing multistep beneficiation systems which 
use combinations of particle size sorting, magnetic, and electro-
static separation ( 57 ,  64 ).

 Additional research is also needed regarding the impact of reactor 
temperature and operating pressure on reaction rates and product 
yield. In this case, yield is defined as oxygen product mass divided 
by input regolith mass. Increasing reactor temperature up to 
~900 °C will increase yield, but at higher temperatures the yield 
curve is predicted to become asymptotic ( 27 ), however increasing 
temperature improves reaction rates until at least 1,100 °C ( 65 ). 
Higher operating pressure may lower reaction rates, due to products 
becoming trapped at the reactive surfaces of minerals ( 65 ). The 
impact of pressure on yield is unclear, some studies show that yield 
increases with lower pressure ( 27 ), while others show that yield 
decreases with lower pressure ( 44 ). Experimental data from reactors 
on the Moon will help to model specific reactor configurations, 
including batch sizes, durations, H2 /H2 O partial pressures, insu-
lation, and the reactor heat exchange with the environment. 
Furthermore, more data on the processing of impurities in the 
lunar regolith will lead to more robust models. The numbers pro-
vided in the current work are designed to be a baseline that can be 
improved in future work as more information becomes available.

 Another important assumption is how water from the reactor 
output is processed. We assumed passive cooling in a gas-separation 
unit to condensate water followed by proton-exchange membrane 
(PEM) electrolysis, but it is also possible to use direct vapor phase 
electrolysis with solid oxide electrolysis cells (SOEC). Since 
SOECs operate at temperatures higher than 800 °C, their imple-
mentation could circumvent the need for a water condensation 
step ( 27 ,  66 ). The water electrolysis system is presumed to have 
an energy efficiency penalty due to bubbles attaching to electrodes 
in lower gravity conditions ( 67 ). Given the energy demand for 
electrolysis is large, real-world experimental data from the Moon 
on this effect would improve the model accuracy.

 Modeling the liquefaction step will benefit from more data 
about the Coefficient of Performance (COP) of cooling systems 
on the Moon. In addition, more data from agencies and private 
companies about the planned size and design of zero-boil off 

oxygen storage systems on the Moon will help improve the model. 
The duration of storage assumed here of 2 weeks (2 wk) could be 
updated with more information about the planned space transport 
architecture around oxygen production facilities.

 For this analysis, the scale of production of 100 tonnes LOX/year 
is chosen and a single hydrogen reduction reactor with capacity for 
~4 tonnes regolith per batch with a 2.5 h batch reaction duration is 
assumed. This scale is similar to the near-term lunar surface propellant 
demand estimated by Kornuta et al. ( 9 ). In the future, it is likely that 
several production sites operating in tandem, or scaled-up systems, 
would be needed since a single 100 tonne dry mass Starship HLS 
rocket without payload would already require an estimated minimum 
of ~80 tonnes LOX for a one-way trip to launch from the lunar 
surface to EML1 (SI Appendix ). Furthermore, launches of Starship 
from Low Earth Orbit to Mars surface with up to 100 astronaut crew 
are expected to require approximately 860 tons of LOX ( 68 ). 
Alternatively, since a human uses ~300 kg of breathing oxygen per 
year, 100 tonnes LOX per year could support 333 astronauts ( 69 ).

 The assumptions on production scale have important impacts 
on our model results. First, a smaller reactor size increases the 
surface area to volume ratio, which increases heat losses to the 
environment. Hence a larger reactor scale can improve energy 
efficiency. Meanwhile, a production chain using two smaller reac-
tors in parallel could benefit from lower peak power requirements 
( 44 ,  70 ) but suffer from lower overall energy efficiency.

 Water-ice on the Moon is considered to be finite because the 
timescales of utilization could far outpace the timescales of regen-
eration ( 71 ). Furthermore, the water-ice resources are concen-
trated in geographically small regions of the Moon that may be 
hard to access ( 71 ). For these reasons, the exploitation of water-ice 
for the production of rocket propellant may become competitive, 
and contentious from a sustainability perspective. China, Russia, 
the European Union, India, and the United States, as well as 
private companies are aiming missions to the water-ice rich 
regions of the Moon’s south pole. There is a risk that competition 
over these resources could cause interference in operations and 
spark legal conflicts ( 72 ) and international disputes ( 71 ). Thus, 
even if oxygen derived from oxide-bearing minerals in lunar reg-
olith are more costly than oxygen from water-ice, the abundance 
and ubiquity of such oxides on the lunar surface offer important 
advantages. Furthermore, production of oxygen from oxides 
could be coupled to the production of useful metals ( 45 ).

 We perform a rough approximation of the total theoretical lunar 
oxygen available on the Moon to make orders of magnitude com-
parisons (Dataset S1I ). Note that these resources may not all be 
technically or economically exploitable. The predicted potential 
availability of oxygen is ~2.6 billion tonnes LOX from water-ice, 
compared to ~130 billion tonnes LOX from hydrogen reduction 
of ilmenite, and ~150 trillion tonnes LOX from total oxides. Since 
the initial Mars colonization effort of SpaceX aims to launch 
~10,000 Starships to Mars ( 8 ), and assuming that lunar LOX is 
used for one-way trips that refuel at a Mars base, then ~10 Mtonnes 
(10 million tonnes) of LOX are needed in EML1 for the effort, 
which implies approximately 40 Mtonnes of LOX at the lunar base 
for launching this LOX to EML1 (i.e., 4:1 propellant to payload 
ratio for two-way trips from Moon surface to EML1) ( 15 ). Hence, 
the total lunar LOX demand for this Mars colonization effort can 
be roughly estimated at 50 Mtonnes. Using this estimate, complet-
ing the initial SpaceX Mars colonization plan of bringing 1 million 
humans to the Mars base could consume ~2% of the predicted 
total lunar water-ice resource. However, much of the water-ice may 
not be economically exploitable. In the future, the space economy 
may run out of easily exploitable lunar water and thus oxide-based 
oxygen production could become a more sustainable alternative.

Table 2.   The median, Q1 (25% quartile), Q3 (75% quar-
tile), and IQR (interquartile Q3 − Q1) of the different pro-
cesses at 10 wt% ilmenite as evaluated by Monte Carlo 
simulations

Process

Median 
energy 

require-
ments

(kWh/kg 
LOX)

Q1
(25% 

quartile)
(kWh/kg 

LOX)

Q3
(75% 

quartile)
(kWh/kg 

LOX)

IQR = Q3 
− Q1

(Inter-
quartile)
(kWh/kg 

LOX)

 Excavation  0.0022  0.0017  0.0031  0.0013

 Transportation  0.15  0.11  0.20  0.089

 Beneficiation  0.13  0.095  0.18  0.084

 H2 reduction  13.0  10.0  19.0  9.2

 Electrolysis  9.4  8.6  10.0  1.6

 Liquefaction  1.20  0.97  1.40  0.42

 Storage  0.31  0.26  0.38  0.12
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 In conclusion, the Moon is expected to play a key role in the 
supply of oxygen for the space economy ( 73 ) and this study 
provides valuable information on the energy requirements for 
the production of liquid oxygen on the Moon. The results of 
this study contribute to addressing Strategic Knowledge Gaps 
( 17 ) identified by space agencies, and provide a foundation for 
future studies on oxygen production on the Moon. As more data 
become available, the modular nature of this model allows 
parameters to be updated to reflect the latest experimental 
research. Furthermore, future studies could build on this study 
to compare the end-to-end production chains of alternative oxy-
gen production strategies. Finally, more key performance indi-
cators beyond energy consumption can be added, such as mass 
payback ratios ( 45 ) and techno-economic analysis. Overall, this 
study presents a model which will support the space industry in 
evaluating the economic viability of technologies and locations 
for lunar oxygen production.  

Methods

Overview Regolith to Oxygen. In this section, the overall modeling framework 
is introduced before presenting the modeling approach for the individual process 
steps. The modeling is implemented in Python, and is available on our github 
repository (74). The mass yield of the whole chain is solved first, prior to the energy 
usage. To solve the mass yield of LOX per kg regolith, we considered the mass 
and composition of inputs and outputs of each step in the production chain. The 
mass yield can then be calculated as shown in Eq. 1.

Mass yield=

mO2

mregolith

=
Ilmenite recovery%× ilmenite conversion%×head grade%×MO2

2×MIlmenite

,

Where mO2 is the mass of liquid oxygen produced, mregolith is the mass of ini-
tial excavated regolith, ilmenite recovery % is defined as the mass of ilmenite 
recovered after beneficiation divided by the mass of ilmenite fed to beneficiation 
(taken as 51%), ilmenite conversion % is the mass of ilmenite that is reacted in 
the hydrogen reactor divided by the mass of ilmenite fed to the reactor (taken 
as 47%), head grade % is concentration of ilmenite in excavated regolith (1 to 
15%), MO2 is the molar mass of oxygen, and Milmenite is the molar mass of ilmenite.

The energy requirements for oxygen production are calculated by accounting 
for the energy needed in each production step. The general approach taken for 
calculating these energy needs is described below. First, the energy demand 
parameters for each module are determined independently of mass flow. These 
represent the energy used per mass input into the process step. Next, the mass 
flow inputs and outputs throughout the production chain are calculated. To 
calculate the energy used per process step (EProcess step), we multiply the process 
energy demand parameter (PProcess step) by the actual mass input (mInput) into each 
module as shown in Eq. 2. The equation varies slightly for the excavation and 
beneficiation steps. The energy requirements for auxiliary equipment regarding 
the interfaces between the process steps are assumed to be negligible. Potential 
auxiliary equipment is listed in Dataset S1H.

EProcess step = PProcess step × mInput,

Next, the energy used per module (EExcavation, ETransportation, etc.) is divided by 
the net mass of liquid oxygen produced. This results in the energy per kg LOX of 
each module. Summing these, the process chain’s total energy per kg LOX (ETotal) 
is obtained as given by Eq. 3.

ETotal[kWh∕kgLOX ]=

EExcavation+ETransportation+EBeneficiation+EReactor+EElectrolysis+ELiquefaction+EStorage

mLOX

,

Excavation. The first step in the production chain is excavating the lunar rego-
lith. The modeled excavator is based on the Regolith Advanced Surface Systems 

Operations Robot (RASSOR) 2.0 developed by NASA (75). To calculate the energy 
requirements for excavation, the excavation force FExcavation is calculated first 
(Dataset S1A) and then multiplied by the distance traversed by the excavation 
tool dbucket drum. To estimate the excavation mechanics of a RASSOR-style exca-
vator, we model the excavation implement as a bucket in the formulation of 
Balovnev (76, 77). The bucket equations from that model are used with terms 
related to bucket drum geometry modified or simplified to account for the 
RASSOR geometry. Two main assumptions are made when formulating the 
excavation force model. First, the bucket portions of the RASSOR bucket drums 
are assumed to be not fully buried in the regolith, avoiding taking into account 
the additional force of lifting the regolith due to bucket drum rotation. To this 
end, an excavation depth of 2.5 cm is assumed. Second, RASSOR bucket drums 
are rotated about eight times faster than the wheels during trench-digging 
operation to avoid a rough surface finish. This yields the distance the bucket 
drums rotate dBucket drum, which is multiplied by the excavation force FExcavation and 
divided by the mass of regolith excavated mRegolith excavated. To obtain the energy 
demand parameter, PExcavation as expressed in Eq. 4, the energy requirements 
for overcoming the roll resistance must be added. For that, the power PVehicle 
(Eq. 6) for traveling at the digging velocity vDigging is multiplied by the digging 
distance dDigging and divided by mRegolith excavated and vDigging.

PExcavation=
FExcavation×dBucket drum

mRegolith excavated

+
PVehicle×ddigging

mRegolith excavated× vDigging

=6.5×10−6
kWh

kg
,

PExcavation is then multiplied by the amount of regolith excavated, which results in 
the energy needed for excavation EExcavation as described in Eq. 5.

EExcavation = PExcavation × mRegolith,

Transportation. Next raw material from the excavation site is transported 
to the location where beneficiation takes place. The regolith is assumed to be 
transported by a vehicle similar to the RASSOR 2.0 (75). Moreover, this vehicle 
is assumed to travel on a flat surface and carry as much regolith as possible 
from the excavation site to the beneficiation site. During the outward trip to 
the excavation site, the rover is assumed to be empty. In order to estimate 
the energy cost of transportation, a semiempirical model is used based on 
Terramechanics (the science that studies the interaction of wheeled or tracked 
vehicles on various soils) (78). This model takes three sets of parameters as 
inputs (soil, vehicle, and wheel parameters) and computes the torque to be 
exerted on a wheel so that its traction effort compensates for its compaction 
resistance. This torque allows a vehicle with a given mass to travel at a constant 
speed on a flat surface. This torque can be multiplied with the wheel rotation 
speed to get the power required at wheel level PWheel . Finally, the power PVehicle 
required for the vehicle to travel at a speed v is obtained by summing the power 
required by each wheel and taking into account the efficiency � of the electric 
motor and the transmission gears (Eq. 6).

PVehicle =

(

2×PWheel,front+2×PWheel,rear
)

�
,

The power required still depends on the mass of the vehicle and hence on the 
mass of the regolith conveyed. Thus, the power required by the empty rover for the 
outward trip POutward trip (to the excavation site), is lower than the power required 
for the return trip PReturn trip (to the beneficiation site). Considering a round-trip, 
Eq. 7 expresses the energy demand per kilogram of regolith and the distance 
transported, denoted as PTransportation. The energy cost of the transportation module 
ETransportation as shown in Eq. 8, can then be obtained by multiplying PTransportation with 
the mass of regolith transported mRegolith and the distance transported d (assumed 
to be 1 km). A detailed description of this work can be found in Dataset S1B.

PTransportation =
POutward trip + PReturn trip

mRegolith × v
= 3.6 × 10

−4 kWh

kg km
,

[1]

[2]

[3]

[4]

[5]

[6]

[7]
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ETransportation = PTransportation × mRegolith × d,

Beneficiation. Following transportation, the regolith will be beneficiated to 
produce a feed of consistent grade for subsequent processing. In this study, we 
modeled an electrostatic beneficiation system. Electrostatic beneficiation is cho-
sen for this model for three primary reasons: First, electrostatic methods tend to 
require relatively little power consumption (21); second, compared to methods 
such as magnetic separation, they tend to be much less mass-intensive, making 
them more attractive from a launch cost perspective (21); and third, electrostatic 
beneficiation has been studied the most broadly in the literature, providing a 
more comprehensive dataset to base our calculations. Two main parameters are 
identified from the literature: the enrichment factor and ilmenite recovery. The 
values employed here are determined by reviewing those found in the literature 
(Dataset S1C) (79–81). The enrichment factor is defined as the ratio of the ilmenite 
concentrate grade divided by the head grade. Based on the data from Agosto 
(79), Quinn et al. (80), and Oder (81) we assumed an enrichment factor of 6. 
The ilmenite recovery, measured in weight-percent (wt%), is defined as the ratio 
of ilmenite mass in the concentrate divided by the ilmenite mass in the initial 
feedstock. Again, from the data available in the literature, we took the ilmenite 
recovery for an electrostatic beneficiation process to be 50.5%. We assume that the 
ilmenite head grade does not exceed 15 wt%, and that the maximum concentrate 
grade is 99 wt% ilmenite. Eq. 9 gives the mass of postbeneficiation ilmenite, 
and Eq. 10 gives the mass of postbeneficiation regolith, which includes gangue.

mBeneficiated ilmenite = mregolith × Ilmenite recovery% × head grade% ,

 
mBeneficiated regolith =

mBeneficiated ilmenite

enrichment factor × head grade%
,

The beneficiation process significantly impacts the mass flow of the model. 
However, the energy consumption in electrostatic separation is negligible rela-
tive to other process units in the model and is therefore neglected. Note that we 
assume no particle size separation step, and furthermore this model does not 
consider processes that include crushing rocks. If other more energy-intensive 
beneficiation methods are to be used, then that energy would in fact need to be 
accounted for. Nevertheless, we include energy expenditure for the transportation 
and handling of regolith in this step as per Eq. 11. The mass of the transported 
regolith is assumed to be lifted by 1 m in height (h) at the beneficiation site and 
the waste material that is leftover during beneficiation (gangue) is assumed to 
be transported away from the beneficiation site by 1 km (d), followed by the 
return of the empty rover.

EBeneficiation = mRegolith × gLunar × h + mGangue × PTransportation × d

Hydrogen Reduction Reactor. Following beneficiation, the enriched regolith is 
conveyed to the hydrogen reduction reactor. In the reactor, the beneficiated rego-
lith is heated to 900 °C and reacted with hydrogen gas at an operating pressure of 

1 bar. The ilmenite in the regolith is reduced by hydrogen to produce water, iron, 
and titanium dioxide (82), an idealized version of this reaction is shown in Eq. 12.

H2 + FeTiO3 → H2O + Fe + TiO2,

The reactor operation is assumed to consist of four phases with specific time inter-
vals: regolith loading (0.5 h), heat-up (5 h), batch reaction (2.5 h), and regolith 
unloading (0.5 h) (70, 83). The modeled reactor is based on a spherical fluidized 
bed reactor operating in batch mode (44), and is assumed to operate continuously 
with 100% uptime. A schematic of the reactor model during the reaction phase 
is depicted in Fig. 7. The yield of water m

H2O
  from this process is described in Eq. 

13, where the ilmenite conversion % (ic%) represents the ratio of ilmenite that 
reacts with hydrogen and is converted to H2O, Fe, and TiO2.

mH2O
=mBeneficiated ilmenite× ic%×

mH2O

MIlmenite

,

The energy needed to operate the reactor includes heating the regolith, heating 
input hydrogen flow, insulation heat loss, and the energy needed to sustain the 
endothermic reduction reaction. Summing these values and dividing by the mass 
of regolith inside the reactor results in the parameter PReactor as expressed in Eq. 
14, which is the energy consumed by the reactor per kg regolith. However, PReactor 
is not constant, since it depends on the ilmenite % of the input regolith batch. 
The reactor energy EReactor is obtained by multiplying PReactor with the mass of the 
regolith mBeneficiated regolith passed into the reactor module as shown in Eq. 15.

PReactor = 0.385 ± 0.085
kWh

kgregolith
,

 EReactor = PReactor × mBeneficiated_regolith,

The estimation of the reactor’s size is based on the assumption of producing 100 
tonnes of oxygen annually (23). This results in a regolith batch mass of 3,861 kg. 
After the reactor size and batch mass is estimated, the energy to heat the regolith 
from 0 °C (average temperature between day and night side) (70) to 900 °C (31) 
is calculated using the heat capacity of regolith (84) and ilmenite (85). Since the 
two heat capacity curves differ, the energy to heat up the regolith is determined 
based on the ilmenite wt%. After the reaction, the hot reacted solid material is 
removed from the reactor. The present study does not consider heat recovery from 
regolith removed from the reactor. The modeled reactor consists of an inner layer 
of Ceramic Fiber Insulation (CFI) (86) and an outer layer of High-Temperature 
Multi-Layer Insulation (HTMLI) (83) (87). Both are assumed to be 6 cm thick (44). 
The heat loss is calculated by doing a radiative heat balance around the outer 
reactor surface for the heat-up and reaction phases (Dataset  S2E). Additional 
heat is lost to reheating the cooled-down insulation after the regolith unloading 
and loading phases. Here, the insulation is assumed to cool down by 200 °C on 
average. Heat losses in pipes and mechanical supports as well as heat losses 
during regolith loading and unloading phases are neglected.

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

Fig. 7.   Schematic of the reactor model during the reaction phase, showing the hydrogen loop and water/oxygen mass flows.D
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The required hydrogen mass flow is calculated to determine the energy 
needed to heat the hydrogen to reaction temperature. To drive forward the reac-
tion, water must be continuously removed from the reaction chamber. Since it is 
recommended that the molar ratio of H2O vapor to H2 should stay below 10% (31), 
a ratio of 1% is assumed as the operating point of the reactor. Thus, the output gas 
contains a substantial amount of unreacted hydrogen mixed in with the desirable 
water vapor output. For higher ilmenite concentrations, more water is produced, 
resulting in a higher water mass flow out of the reactor. This demands higher 
hydrogen input mass flow to maintain the desired molar ratio in the output gas. 
The hydrogen from the gas separation unit and the electrolyzer is first reheated 
to 450 °C in a heat exchanger, which moves thermal energy from the hot output 
gas of the reactor to the hydrogen input gas. In the second step, hydrogen is 
heated to 900 °C in a heater unit before entering the reactor (Dataset S2F). No 
loss of water or hydrogen in the condensation and recycling process is assumed. 
To determine how much ilmenite reacts during the reaction phase, data from ref. 
70 is used, which quantifies ilmenite conversion % depending on reaction time 
(Dataset S2C). Here, it is assumed that the water mass flow out of the reactor 
remains constant during the reaction phase. Additionally, energy requirements 
for the operation of the pumps and other auxiliary systems are neglected. The 
power demand required to cool gasses and condensate water in the gas sepa-
ration unit is not included in this model, but a back of the envelope estimate of 
power demand for this unit operation indicates consumption of less than 1 kWh/
kg LOX (Dataset S1J).

Electrolysis. Following the hydrogen reduction reactor, the condensed water 
is transferred to an electrolyzer. In this step, water is split into hydrogen and 
oxygen using a PEM electrolyzer. Eq. 16 shows the oxygen output of the elec-
trolysis module.

mO2 =
mH2O

× MO2

2 × MH2O

,

The modeled electrolyzer is based on PEM electrolysis with a system efficiency of 
60% (88). However, due to the slower rising of gas bubbles at the electrodes in 
lunar gravity compared to earth gravity, electrolysis could be 11% less efficient 
on the Moon (67). This results in a total electrolyzer efficiency �total  of 53.4%. With 
that, the electrolysis energy per kg H2O, PElectrolysis, can be calculated as expressed 
in Eq. 17. First, we consider the energy content of hydrogen, EH2 , taken as 39.7 
kWh/kg (89) with its molar mass and divide that by the total electrolyzer efficiency 
�total and the molar mass of water. The energy for electrolysis EElectrolysis is obtained 
by multiplying PElectrolysis with the mass of water mwater passed into the electrolysis 
module as shown in Eq. 18.

PElectrolysis =
EH2 × MH2

�total × MH2O

= 8.26
kWh

kgH2O
,

 EElectrolysis = PElectrolysis × mwater,

Liquefaction. After electrolysis, the next step is liquefaction. A cryocooler is used 
to cool oxygen down to its boiling point and then liquefy it. The modeled cryo-
cooler is based on a Turbo-Brayton cryocooler (90) with an efficiency, �cryocooler, of 
20% compared to the Carnot efficiency (91). To calculate the COP of the utilized 
cryocooler (92), the COP-Carnot, which is the maximum theoretical efficiency, 
must be calculated first. It depends on the temperature of the cold and hot res-
ervoirs of the system and is given by Eq. 19.

COPCarnot =
Tcold

Thot − Tcold
,

The temperature of the cold reservoir is assumed to be 80 K, since it must be 
lower than the boiling point of oxygen (~90 K at the assumed pressure of 1 bar), 
to remove heat and liquefy it. The cryocooler’s working fluid accepts the heat and 
rejects it at the hot reservoir of the cryocooler. This hot reservoir is assumed to 
be an array of radiators, radiating the heat into outer space. The temperature of 
the hot reservoir is the temperature of the radiators and is assumed to be 233 K, 
based on the temperature of the radiators on the ISS (93). The liquefaction module 

calculates PLiquefaction, which is the energy needed to liquefy 1 kg of O2. More spe-
cifically as formulated in Eq. 20, it is the heat that needs to be removed from the 
oxygen to cool it down from Tin to Tout and then liquefy it. This value is divided by 
the COP of the cryocooler, which is the COP-Carnot multiplied by the efficiency 
of the cryocooler. Eq. 21 then calculates ELiquefaction by multiplying PLiquefaction with 
the mass of oxygen passed into the liquefaction module.

PLiquefaction =
cpO2 × (Tin − Tout) + Δhvap,O2

�cryocooler × COPCarnot
= 1.17

kWh

kgO2
,

 
ELiquefaction = PLiquefaction × moxygen,

Storage. The produced liquid oxygen is stored in a cryogenic tank for a storage 
time of 2 wk. After that, it is assumed to be transferred to an ascent vehicle to be 
delivered in space. The storage tank is exposed to radiative heat flux from the sun, 
as well as conductive and radiative heat flux from the lunar surface. To prevent 
the produced LOX from warming up and boiling off (94), this heat leak needs to 
be removed (7). This is accomplished by employing a zero-boil-off (ZBO) system. 
It consists of a cryocooler placed on the outer wall of the tank, which constantly 
removes heat from the cryogenic tank (95). The modeled spherical tank with a 
diameter of 0.962 m is chosen based on how much LOX is produced in the storage 
time of 2 wk. The tank wall is made of a 4 mm thick stainless steel layer (96), and 
an insulation made up of vacuum-insulated-panels (VIP) with a thickness of 25 
mm (97). The thermal conductivity of VIP is assumed to be 0.006 W/mK (98). The 
goal of the storage module is to calculate the energy needed to keep 1 kg of LOX 
in liquid state for 2 wk (PStorage). First, the size and geometry of the LOX-tank is 
calculated, then the heat transfer coefficient between the LOX and the inner tank 
wall is determined (Dataset S3B). By considering radiative heat flux, as well as 
conductive heat flux through mechanical supports, an outer surface heat balance 
of the tank can be derived (Dataset S3D). The outcome of the heat balance is the 
heat flux into the LOX-tank, which the ZBO system must remove to keep the liquid 
oxygen from boiling off. The power consumption of the ZBO system is calculated 
by dividing the heat flux into the tank by the COP of the used cryocooler. The 
ZBO system’s power consumption PZBO_system is multiplied by the storage time 
of 2 wk tstorage and divided by the stored LOX mass mLOX, stored (Dataset S3E). This 
results in parameter PStorage as given by Eq. 22. By multiplying PStorage with the 
input of mass of oxygen, the energy required for the storage module EStorage is 
obtained as per Eq. 23.

PStorage =
PZBO_system × tstorage

mLOX ,stored

= 0.31
kWh

kgLOX
,

 
EStorage = PStorage × moxygen,

Data, Materials, and Software Availability. Python model, currently avail-
able on github. Will be moved to Open Science Framework upon publication 
data have been deposited in Github and later OSF (https://github.com/dlite-x/
Space_resources_LEIA) (74).
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