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Abstract

The establishment of a sustained human presence on the Moon is critically dependent on
the ability to utilize local resources, primarily the production of oxygen for life support and
propellant. The ROXY (Regolith to Oxygen and metals conversion) process is a molten salt
electrolysis technology designed for this purpose. This paper presents an economic analysis
of a ROXY pilot plant capable of producing over one ton of oxygen per year. We evaluate the
economic viability by analyzing development, transportation, and operational costs against
the potential revenue from selling oxygen and metals within a nascent lunar economy. A
key aspect of this analysis is the perspective of an early customer in habitation life support
systems preceding that of much higher propellant production demand. The analysis
contextualizes this paradigm by recognizing that the primary economic driver for oxygen
production is the larger future market for propellant; however, early life support demand
may incentivize a paradigm-shift from Earth-based consumable resupply. Scenarios based
on varying transportation costs and development timelines are evaluated to determine the
internal rate of return (IRR) and time to break even (TTBE). The results indicate that the
ROXY pilot plant is economically viable, particularly in near-term scenarios with higher
transportation costs, achieving a positive IRR of up to 47.4% when both oxygen and metals
are sold. The analysis identifies facility mass, driven by the robotics subsystem, as the
primary factor for future cost-reduction efforts, concluding that ROXY is a technically and
economically sound pathway toward sustainable lunar operations.

Keywords: in-situ resource utilization; ROXY; molten salt electrolysis; solid oxide
membrane; Oxygen extraction; metal production; sustained lunar presence; economic
analysis

1. Introduction
The international ambition for a permanent and sustainable human presence on the

Moon, as outlined in roadmaps by major space agencies, is fundamentally dependent on
the successful implementation of In Situ Resource Utilization (ISRU) [1–4]. The ability to
“live off the land” is widely recognized as a paradigm-shift for space exploration, enabling
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mission architectures that are more affordable, sustainable, and largely independent from
Earth-based supply chains [5–8]. Projections for the burgeoning cislunar economy estimate
the ISRU market to be worth over $60 billion by 2040, with the production of oxygen being
a primary driver [9–12].

Oxygen is the most critical consumable resource required on the Moon, essential for
both crew life support in habitats and as an oxidizer for rocket propellants [13,14]. The lunar
regolith, the loose layer of dust and rock covering the Moon’s surface, offers a vast and
readily available feedstock, containing approximately 45% oxygen by mass bound within
various metal oxides [10,15]. Numerous technologies are being developed to extract this
oxygen, including carbothermal reduction, hydrogen plasma reduction, and various forms
of electrolysis as most promising [16–18]. However, many of these processes face significant
technical hurdles, such as the need for gaseous reactants, complex product separation, high
operating temperatures leading to material compatibility issues, and corrosive process
environments [19,20].

The ROXY (Regolith to Oxygen and metals conversion) process, an advanced form
of molten salt electrolysis developed by Airbus, was conceived to overcome these chal-
lenges [19–21]. By employing an yttria-stabilized zirconia (YSZ) solid oxide membrane
(SOM), ROXY enables the direct, one-step extraction of pure oxygen from regolith, while
also leaving behind a mixed metallic alloy product [10]. This process operates at a lower
temperature (850 ◦C) compared to other ISRU processes, requires no gaseous consumables,
and substantially mitigates internal corrosion issues, resulting in a simpler, more robust,
and efficient system architecture [19,22].

The development pathway for ROXY follows a staged scaling approach, beginning
with ground-based laboratory models, progressing to a small-scale lunar demonstration
mission (Mini-ROXY) [22], and leading towards industrial-scale operational plants [10]. A
critical intermediate step in this roadmap is the pilot plant, designed to produce resources
at a scale of approximately one ton per year [19]. This scale is assumed to be sufficient
to support early habitat life support systems and serves to validate the technology’s
performance and economic viability, before committing to much larger, more capital-
intensive facilities [10,14], as described in the next chapter. While previous studies have
analyzed the systems and economics of large-scale ISRU plants [23–25], this paper presents
the first detailed economic analysis of a ROXY pilot plant, grounded in a mature conceptual
design. The objective is to provide a quantitative assessment of its economic viability,
incorporating a detailed user-and-customer perspective, and to identify the key drivers for
future optimization.

2. Methods
In this section, the methods used for the economic analysis of the ROXY pilot plant

are described. A description of the expected customers for the produced oxygen and
metals on the Moon in Section 2.1 precedes the technical concept of the ROXY pilot plant in
Section 2.2. The methodology and assumptions of the economic analysis, which includes
the description of the Cost and Revenue Model, is found in Section 2.3.

2.1. An Early Customer Perspective: Habitation Consumable Demand

While the largest future market for ISRU-derived oxygen is propellant for landers
and deep-space vehicles, the first and most immediate customers will likely be operators
of habitation systems supporting early crewed lunar missions [14]. Such initial missions
will exhibit a demand for oxygen and water dependent upon mission duration, crew
size, and habitation system design, inclusive of the supporting extravehicular activity
(EVA) and environmental control and life support (ECLS) system architectures. While
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the National Aeronautics and Space Administration (NASA) and China National Space
Administration (CNSA) are leading various efforts for early crewed lunar missions, two
detailed habitation concepts supporting NASA’s Artemis campaign provide sufficient
insight for estimating initial habitation consumable demand: the Japan Space Agency
(JAXA) Pressurized Rover (PR) and the Italian Space Agency (ASI) Multi-Purpose Habitat
(MPH), as shown in Figure 1 [14,26]. Both the PR and MPH have chosen open-loop
ECLS architectures due to limitations in initial delivered mass, power constraints, and the
relatively short mission durations with small crew sizes [27,28]. Fulfilling the recurring
consumable demand of such early habitation concepts with local resources offers a powerful
opportunity to de-risk ISRU technologies at a manageable scale while simultaneously
reducing the significant logistical burden of Earth-based resupply [14].

  
(a) (b) 

Figure 1. (a) JAXA Pressurized Rover (PR) concept, credit: Toyota [29]. (b) ASI Multi-Purpose Habitat
(MPH) concept, credit: ASI [30].

An analysis for a representative 28-day Artemis mission with a total of four crew mem-
bers using both the PR and MPH estimates a raw consumable need of approximately 225 kg
of oxygen and 465 kg of water, where an average O2 metabolic rate of 0.84 kg/crewmember-
day was assumed [14]. As indicated in Figure 2, the EVA architecture (i.e., EVA frequency,
duration, and use or omission of airlocks) is a major driver of oxygen demand. The PR’s
concept of performing a full cabin depressurization requires ~43% more oxygen for repres-
surization compared to the MPH, which is assumed to have a dedicated, smaller-volume
airlock [14].

 

Figure 2. Oxygen and water demand for a 4-crew, 28-day Artemis mission utilizing both PR and
MPH. This demonstrates the major drivers for demand, with EVA methodology being a significant
factor for oxygen [14].

The consumable demand associated with other early habitation concepts, such as those
which may support CNSA’s International Lunar Research Station (ILRS), can similarly be
quantified if mission duration, crew size, and habitation system design is known.
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This raw consumable demand, however, does not represent the full logistical mass that
must be delivered to the lunar surface and thereby the possible value in mass savings to an
early habitation customer. Consumables must be transported in specialized containers and
packaging, which adds a significant mass penalty. Based on International Space Station
(ISS)-heritage systems, like the Nitrogen Oxygen Recharge System (NORS) tanks and
Contingency Water Containers (CWCs), the “packaging factor” is substantial [14,31]. As
detailed in Figure 3, water delivery incurs a mass penalty of about 20%, while high-pressure
gaseous oxygen delivery is far less efficient, with a mass penalty of 170–200% [14].

 

Figure 3. Comparison of oxygen and water demand and resulting additional packaging mass (i.e.,
mass penalties) for a representative 4-crew, 28-day Artemis mission architecture featuring the PR and
MPH. Mass penalties associated with packaging oxygen for transport from Earth indicate inefficient
operations and possible advantages of ISRU [14].

While an alternative to consumable resupply for habitation life support systems is
the use of regenerative ECLS systems, which recycle water and oxygen onboard, these
systems have a higher initial mass, volume, and power cost to the customer [32]. ISRU can
offer a similar value as regenerative ECLS with respect to oxygen for habitats, but with
the additional prospects of generating metallic alloys while being extensible to lucrative
propellant production [14].

2.2. ROXY Pilot Plant Concept

The ROXY pilot plant forms the technical basis of this economic analysis. The design
was developed through an iterative, three-step scaling process to bridge the gap between
laboratory models and a ton-scale production facility [19]. A detailed technical description
of the ROXY process, the pilot plant and its subsystems are presented in Birch et al. [19]
and Birch [10]; this section provides a high-level summary and key technical results used
as inputs to the economic analysis.

The ROXY process is a molten salt electrolysis method operating at 850 ◦C, capable of
reducing the mixed metal oxides found in raw regolith (predominantly consisting of SiO2

(~45 wt.%), Al2O3 (~20 wt.%), CaO (~15 wt.%), MgO (~10 wt.%), FeO (~5 wt.%) and TiO2

(~2 wt.%), but dependent on lunar excavation site [33]). ROXY uses a SOM to selectively
transport oxygen ions from dissociated regolith oxides in the cathode to a separate anode,
where pure oxygen gas is evolved. This approach prevents contamination of the metallic
product and corrosion of the reactor. After the batch reduction process, the cathode contains
a mix of reduced metals and solidified salt, which must be separated. The chosen method
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is salt evaporation (vacuum distillation), where the mixture is heated to vaporize the salt
for collection and recycling, leaving behind the salt-free metal alloy whose composition
may vary from site to site. This “mongrel alloy” resulting from the ROXY process is not
a market-ready pure metal or an alloy with a defined composition, and thus will have to
undergo downstream post-processing for separation and refinement, to be used for in situ
manufacturing and construction purposes. By utilizing both products generated in the
ROXY process, waste production and the total volume of regolith required to meet the
mission demands is minimized. The process is currently at a Technology Readiness Level
(TRL) of 3–4.

The ROXY pilot plant is conceived as a specialized processing unit designed to operate
as an integrated node within a broader lunar surface infrastructure. As such, the system
boundaries for this analysis assume that several key functions are provided as external
services. These include: regolith excavation, physical size sorting (sieving to <1 mm) to
prevent mechanical clogging and delivery to the plant’s intake port; a stable lunar power
supply grid to meet the plant’s operational energy demands; transportation logistics for
the initial delivery of the plant and subsequent resupply of consumables; and downstream
storage and distribution systems for the produced oxygen and metallic alloy products [19].
Consequently, the mass, power, and cost models presented in this paper are focused on
the core processing facility itself, with the costs of these external services accounted for
as operational expenditures, rather than as part of the plant’s capital mass or design,
development, test, and evaluation (DDT&E) costs.

The ROXY pilot plant is designed to achieve a target oxygen production of around
one ton per year (over four times the calculated raw oxygen demand for early lunar
habitation), with the equivalent mass of mixed metallic alloy product. This production
target is 3–4 orders of magnitude above current ROXY facilities and is thus considered to
be a reasonable intermediate development step on route to future operational facilities, an
additional 2 orders of magnitude above the pilot plant productivity [19].

The core of the plant consists of nine individual ROXY reactors, which are arranged
in three clusters to optimize thermal management and robotic access (Figure 4) [19]. A
key design feature is the high degree of automation. A suite of specialized robotic arms
is responsible for specific operational tasks, including transferring cathodes between the
reactors and the salt evaporation chamber, and replacing life-limited components, like the
anode assemblies [19]. This robotic operation maximizes the plant’s productive uptime
during the lunar day for the specific configuration of the reactors [19].

From the CAD model (Figure 4) and prepared bill of materials, the mass of the ROXY
pilot plant was determined using uncertainty margins based on standards used in ESA
projects. A margin of 20% (50% in case of low-maturity assemblies) was used on assembly
level, and 20% on systems level. The entire system, including a central salt evaporation
chamber for recycling the molten salt electrolyte and the enclosure, has a total mass of
1172 kg [19].

To determine the oxygen production of the ROXY pilot plant, a performance model of
ROXY was developed by Birch [10]. To ensure transparency regarding the production ca-
pacity used as the basis for the revenue model, the key input parameters to the performance
model are summarized in Table 1. The assumed maximum current density of 0.375 A/cm2

through the YSZ is significantly derated compared to the theoretical capability of YSZ
membranes (>1.0 A/cm2) [34], and the operational time is strictly limited to the lunar day,
with additional margins for thermal cycling. These conservative inputs provide a high level
of confidence that the calculated oxygen and metallic alloy production of 1155 kg/year
each represents a reliable lower bound. Technical optimization (i.e., higher current density
and night-time operation) would likely lead to an increase in productivity.
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Figure 4. CAD model of the ROXY pilot plant. The design features three clusters of three reactors each,
a central salt recycling unit, and integrated robotics, housed within a 2.1 m × 2.3 m enclosure [19].

Table 1. Key electrochemical input parameters to the electrochemical and performance model of
ROXY to determine the oxygen-ion current though the cell [10].

Parameter Value Rationale/Source

Process Temperature 850 ◦C Optimized for material compatibility
[19]

Cell Voltage 5.5 V Operating point below decomposition
limits

Anode Membrane Current
Density Limit 0.375 A/cm2 Derated for longevity

(capability > 1 A/cm2) [34]

Faradaic Efficiency ~100% Intrinsic property of SOM
electrolysis [35]

Operational Duty Cycle ~45% Operations limited to lunar day, incl.
thermal margins

Raw Regolith Input 2310 kg/yr Required to yield 1155 kg O2

The plant’s performance is quantified using three Figures of Merit (FOMs), which
relate the oxygen output to the primary cost drivers of mass, power, and consumables [19]:

• FOM1 (Mass Efficiency): Yearly O2 yield/Facility Mass. This is the inverse of the
plant’s “mass payback” time. The target is ≥ 1.0 yr−1.
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https://doi.org/10.3390/aerospace13010086


Aerospace 2026, 13, 86 7 of 16

• FOM2 (Power Efficiency): Yearly O2 yield/Power Consumption. This measures
the energy effectiveness of the process for the entire facility, including electrolysis,
robotics, and thermal control systems. The target is to be as high as possible.

• FOM3 (Reactor Consumable Efficiency): Yearly O2 yield/Yearly Consumables Mass.
This quantifies the logistical dependency on Earth for resupply. The target is ≥ 10.

The conceptual design of the pilot plant successfully meets these targets, as can be
seen in Table 2, showing the key results of the performance model. Crucially, the thermal
analysis only considering steady-state operation shows that the ohmic heat generated
by the electrolysis process itself is greater than the heat lost to the environment. This
means the plant is self-heating during steady-state operation, resulting in a net-positive
energy balance [10,19]. This finding aligns with analyses of similar SOM-based electrolysis
systems, which show that scaled-up plants operate with high energy efficiency, close to the
thermodynamic optimum of the reaction [20,36].

Table 2. Results from the performance model of the ROXY pilot plant, required as input to the
economic analysis. yr. = year, * anode and cathode components, ** incl. cell voltage, reactor heater
and robotics power [10].

Name Value

Facility Mass 1172 kg
Oxygen/Metals Production per yr. 1155 kg (each)

Consumables per yr. * 115 kg
Facility Power Consumption per yr. ** 45,243 kWh

FOM 1 0.99 yr−1

FOM 2 0.026 kg/kWh
FOM 3 10

2.3. Methodology for Economic Analysis

The economic analysis assesses the financial viability of the pilot plant that produces
1155 kg of oxygen per year over a 10-year operational lifetime, preceded by a DDT&E phase
for the ROXY pilot plant. The methodology is based on establishing comprehensive cost
and revenue models to calculate key financial performance metrics [10,37].

2.3.1. Cost Model

Total Life Cycle Costs are aggregated from three primary categories: development,
transportation, and operations.

• Design, Development, Test & Evaluation (DDT&E): The non-recurring engineering
cost to bring the pilot plant to flight readiness is a significant upfront investment. For
this analysis, it is estimated using a parametric cost model developed at the University
of Maryland, based on historical NASA programs, which is well-suited for early-stage
conceptual designs of space systems, where system mass serves as a primary cost
driver [38]. The model utilizes a typical cost estimating relationship of a two-term
power law equation, where the coefficients ai and bi are the regression coefficients, as
shown in (1):

Cost($M) = a1·mb1 + a2·mb2 (1)

The coefficients ( a1, b1, a2, & b2) cover the full scope of Phase A–D and are selected
based on the system type. For the ROXY pilot plant, a first-of-its-kind advanced
technology system, a ‘scientific instrument’ cost estimating relationship was chosen
as the most representative analogue, with coefficients listed in Table 3 [38].
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Table 3. Coefficients used for a ‘scientific instrument’ cost estimating relationship [38].

Coefficient a1 b1 a2 b2

Value 3.284 0.5 0.4651 0.71

The model was used to determine the DDT&E cost based on the pilot plant’s total
mass (m) of 1172 kg, which yielded a cost of 178 M$ (approx. 164 M€ at current
rates). This value was rounded up 200 M€ to account for conversion rate fluctuations
and unknowns associated with new product development (NPD). This estimate is
considered conservative, as the model does not apply a learning curve for the plant’s
nine recurring reactor units, which would typically lower the cost in a more detailed
analysis [10].

• Cost of Capital: To account for the carrying cost of the investment over the develop-
ment and pre-operational timeline, a debt financing rate of 4% per annum is applied
to all non-recurring upfront costs.

• Launch & Integration Delay: A one-year delay is applied between the completion
of development and the start of lunar operations to account for launch window
availability and integration. During this period, no revenue is generated, and a
holding cost of 0.5 M€ is incurred to cover labor for a standby team and storage.

• Transportation Costs: This category includes the one-time cost to deliver the 1172 kg
facility to the lunar surface and the recurring annual cost to deliver 115 kg of life-
limited consumables (primarily anode and cathode assemblies) [10]. Two cost points
are used for the analysis scenarios: a near-term estimate of 1 M€/kg and an optimistic
long-term forecast of 0.1 M€/kg [10].

• Operational/Labor Costs: These are the annual costs incurred once the plant is active
on the Moon:

# Ground Support: A team of five full-time equivalents (FTEs) is assumed for
mission control and monitoring from Earth, at a total cost of 0.5 M€/year [10].

# Power: The plant consumes 45,243 kWh of electrical energy per year, with
operations only during the lunar day [19]. The cost of this power is specu-
lative and is scaled based on the transportation cost scenarios, according to
models for space-based solar power [39,40]. This results in an annual power
cost of 45 M€ in the high transport cost scenario and 4.5 M€ in the low-cost
scenario [10].

# Regolith Delivery: The cost of excavating and delivering the required 2310 kg
of regolith per year is assumed to be 1% of the cost to transport that same mass
from Earth [10]. This also includes labor for regolith excavation operations.

2.3.2. Revenue Model and Financial Metrics

The analysis considers two revenue scenarios: one based on the sale of oxygen only,
and a second based on the sale of both oxygen and the co-produced metallic alloy. In both
cases, the market value of the products on the Moon is benchmarked against the cost of
Earth-based supply.

Crucially, the value is pegged to the mass of the product only, not the total packaged
mass required for transport. For oxygen, which requires heavy, high-pressure containers,
this is a deliberately conservative assumption. The true landed cost of 1 kg of oxygen from
Earth is nearly three times its own mass (see above) [14]. By not accounting for the container
mass in the revenue model, the market value of locally produced oxygen is significantly
underestimated. Furthermore, it is assumed that the products, i.e., oxygen and metals, are
sold to lunar service providers, who handle final processing and distribution and require
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payment for their services. As mentioned in Section 2.2, the metallic product will have
to undergo downstream post-processing steps to separate and refine the metals after the
reduction process. We therefore assume the revenue is split 50:50 between the ROXY plant
operator and the service providers. This approach means that if the ROXY plant is found
to be viable under these conservative revenue projections, its actual economic performance
would likely be much stronger. Therefore, the revenue for 1 kg of product is assumed to be
50% of the transportation cost for 1 kg of mass without packaging [10].

Two key financial metrics are used to evaluate the investment’s viability:

• Internal Rate of Return (IRR): This is the discount rate at which the net present value
of all cash flows (both positive and negative) from the project equals zero. It represents
the effective rate of return on the investment.

• Time to Break Even (TTBE): This is the total time, measured from the start of the
project (Year 0), until the cumulative cash flow turns positive.

2.3.3. Scenarios and Assumptions

To provide a robust assessment under conditions of high uncertainty, four primary
scenarios were defined by combining the high and low transportation costs with a “fast”
(5-year) and “slow” (7-year) development timeline, with an additional 1 year to account
for launch and integration delays. All scenarios assume a 10-year operational life [10]. A
sensitivity analysis was also performed on the facility mass, assessing the economic impact
of achieving a moderate 25% and an aggressive 50% mass reduction through future design
optimization [41]. The primary scenarios are outlined in Table 4.

Table 4. Scenarios for Economic Analysis. For each case, two sales scenarios were evaluated,
(a) oxygen only and (b) oxygen and metals. * Near-Term Scenario, ** Long-Term, † Fast, †† Slow.

Scenario Name Transportation Cost,
M€/kg Development Time, yrs

Case 1 (Reference) 1 * 5 †

Case 2 0.1 ** 5
Case 3 1 7 ††

Case 4 0.1 7

3. Results of the Economic Analysis
The economic analysis was conducted for both the “Oxygen-Only” and the more

comprehensive “Oxygen and Metals” sales scenarios. As expected, the inclusion of revenue
from the metallic co-product dramatically improves the economic outlook in all cases.

3.1. Oxygen-Only Sales Scenario

When considering revenue from only the 1155 kg of oxygen produced annually, the
economic viability of the pilot plant is highly dependent on near-term, high transportation
costs. The reference scenario (Case 1) yields a positive IRR of 19.9% with a TTBE of 10 years
(4 years of operation, see Figure 5). This is considered an attractive return for a high-risk
space infrastructure project [10]. However, in long-term scenarios, where transportation
costs fall to 0.1 M€/kg, the IRR drops into the negative, making the investment unattractive
without considering the value of the metallic co-products [10].
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Figure 5. Yearly and Cumulative Cash Flow for the Oxygen-Only Reference Scenario and high
transportation costs. The analysis shows a development phase (year 0–5), a large initial investment
for transport (year 6), and subsequent positive returns leading to a break-even point at 10 years [10].

3.2. Oxygen and Metals Sales Scenario

When the revenue from an equivalent mass of metallic alloy is included, the business
case becomes exceptionally strong across almost all scenarios. In the reference case (Case 1),
the IRR jumps to 47.4% and the TTBE shortens to just 7.5 years (1.5 years of operation),
with a total cumulative revenue of over 8.2 B€ after 10 years of operation (Figure 6) [10].
Even in the challenging long-term scenario with low transport costs (Case 4), the IRR is a
healthy 13%. The inclusion of the metal products provides a significant revenue stream
that makes the overall project far more resilient to fluctuations in transportation costs and
market conditions.

 

Figure 6. Yearly and Cumulative Cash Flow for the Oxygen & Metals Reference Scenario and high
transportation costs. With revenue from both products, the annual income doubles, leading to a
much faster break-even point at 7.5 years and a significantly higher final revenue [10].

3.3. Sensitivity and Summary of Results

The sensitivity analysis confirms that facility mass is the most critical parameter for
optimization. To assess the economic impact of future design improvements, three facility
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mass scenarios were defined: the nominal mass (100%) and two scenarios with a moderate
(75%) and an aggressive (50%) mass reduction [10]. These reductions directly affect the
initial transportation and development costs, as shown in Table 5.

Table 5. Facility Mass Scenarios [10].

Mass Fraction Facility Mass, kg Development Cost, M€

100% 1172 200
75% 879 176
50% 586 140

The following tables summarize the key financial metrics—TTBE, IRR, and Total
Revenue—for all four main scenarios and the three mass fractions [10]. Table 6 shows the
results for the “Oxygen-Only” sales scenario.

Table 6. Results for the Oxygen-Only Scenario. * exceeding assumed plant operation time of
10 years [10].

Case Mass Fraction, % TTBE, yrs IRR, % Total Revenue, B€

1 100/75/50 10/9/8 19.9/26.5/36.3 2.4/2.8/3.1
2 100/75/50 17 */15/12.5 −1.6/1.8/6.6 −0.04/0.04/0.14
3 100/75/50 12/11/10 18.5/24.1/31.9 2.4/2.8/3.1
4 100/75/50 20 */17/14.5 −2/1/6 −0.05/0.03/0.13

Table 7 shows the significantly improved results for the “Oxygen and Metals” scenario,
which considers the sale of both products.

Table 7. Results for the “Oxygen and Metals” Scenario [10].

Case Mass Fraction, % TTBE, yrs IRR, % Total Revenue, B€

1 100/75/50 7.5/7/6.75 47.4/55/65.9 8.2/8.6/8.9
2 100/75/50 10/9/8.25 15.1/18.1/23 0.59/0.66/0.73
3 100/75/50 9.5/9/8.75 41/46.3/53.6 8.2/8.6/8.9
4 100/75/50 12/11.25/10.5 13/15/19 0.58/0.65/0.73

The data clearly shows how strongly the economic viability depends on mass. In
the reference scenario alone (Case 1, “Oxygen and Metals”), a 50% reduction in facility
mass boosts the IRR from 47.4% to a remarkable 65.9%. This highlights that future mass
optimization is the most important lever for maximizing the project’s profitability.

4. Discussion
The economic viability of the ROXY pilot plant is overwhelmingly driven by two

upfront capital expenditures: the cost of transportation to the Moon and the cost of devel-
opment. Both are driven by the facility’s mass. The mass breakdown of the pilot plant
design reveals that the robotics subsystem is the largest contributor, accounting for 40%
of the total mass [10]. This identifies a clear and high-priority target for future optimiza-
tion. The current robotics concept was designed for maximum operational flexibility and
redundancy; future design iterations focused on simplifying the operational sequence and
utilizing more lightweight mechanisms could yield substantial mass savings and, therefore,
a significant improvement in the economic case.

A key strategic insight from the analysis is that the business case for this pilot plant
is strongest by utilizing a near-term customer through habitation before growing into a
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propellant-based market. The high current cost of transportation from Earth creates a high-
value market for locally produced resources. As transportation costs inevitably decrease
with the advent of new launch systems, the economic advantage of local production
over Earth-based resupply diminishes, making the high upfront DDT&E cost harder to
recoup [42]. This suggests a strategic imperative to develop and deploy ISRU capabilities
early in the lunar exploration timeline to maximize their economic impact and accelerate
the establishment of a self-sustaining lunar economy [43,44].

The business case considering the revenue from oxygen and the metallic product is
clearly preferred compared to the revenue from oxygen only. This analysis conservatively
assumes the direct sale of the produced mixed metallic alloy at a value benchmarked against
Earth-supply costs. It is acknowledged that this represents a simplification of the value
chain, since the metallic product will have to undergo post-processing. Further processing,
such as transportation to a separate facility for refining into pure metals or specific alloys
for construction and manufacturing, is assumed to be covered by the 50% value discount
applied in the revenue model. Nevertheless, detailed techno-economic analysis of this
downstream processing represents a valuable area for future work. These could include
the transportation of the mixed metallic alloy to additional facilities for separation and
purification into pure metals or well-defined alloys to be used for construction materials.

When compared to other proposed ISRU processes, the ROXY technology offers
distinct advantages that contribute to its favorable economic profile. Its lower operating
temperature (850 ◦C vs, e.g., >1500 ◦C for Molten Regolith Electrolysis) mitigates material
challenges and reduces thermal management requirements [19,45]. Furthermore, the use
of a SOM to directly produce pure oxygen eliminates the need for a complex and failure-
prone downstream gas processing system, which is a significant drawback of processes
like carbothermal reduction [10,19]. These factors lead to a simpler, more reliable, and
ultimately more cost-effective and sustainable system.

Finally, unlike other ISRU processes that target only oxygen extraction from specific
metal oxides in the regolith, the ROXY process is inherently designed for high material
efficiency, by being capable of reducing almost all regolith constituents in one process. By
converting the regolith feedstock into two useful product streams—oxygen and a mixed
metal alloy—the process utilizes nearly 100% of the ingested mass. This dual-production
capability minimizes the generation of waste tailings and reduces the total volume of
regolith that must be excavated to meet a given resource demand, aligning the pilot plant’s
operation with the principles of responsible and sustainable lunar exploration, as voiced by
several authors [46,47].

5. Conclusions
This work demonstrates that a lunar pilot plant based on the ROXY process is both

technically and economically viable. The proposed conceptual design meets its performance
targets, producing 1155 kg of oxygen per year with a facility mass of 1172 kg and achieving
an energy-positive thermal balance during steady-state operation that makes its power
consumption highly efficient [19].

From an economic perspective, the pilot plant represents a highly profitable invest-
ment for oxygen and metals production on the Moon, particularly in near-term mission
architectures with high Earth-to-Moon transportation costs. When accounting for revenue
from both oxygen and metals, the reference case yields an impressive IRR of 47.4% with
a payback period of just 7.5 years [10]. The primary drivers of this viability are the high
market value of locally produced resources and the inherent efficiency and robustness of
the ROXY process. The analysis clearly indicates that future development efforts should pri-
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oritize the reduction in the facility’s total mass, with a focus on simplifying and optimizing
the robotics subsystem.

By providing a robust and efficient means of producing essential resources, the ROXY
pilot plant serves as a critical enabling technology. It not only supports the immediate
needs of habitation systems but also paves the way for industrial-scale ISRU, which is the
cornerstone of a sustainable, long-term human presence on the Moon and the expansion of
a vibrant lunar economy [7]. What is proposed herein is the opportunity to demonstrate
use of local resources and reduce Earth-based reliance while proving a local economic
capability that is ultimately extensible to propellant production.

Future work should expand upon this analysis by developing a detailed economic
model of the metallic product value chain, including the costs and potential revenues
associated with post-processing the alloy into high-value construction materials. Addition-
ally, refining transportation cost models as the lunar logistics market matures will further
increase the fidelity of these economic projections.
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ASI Italian Space Agency
CAD Computer-Aided Design
CNSA China National Space Administration
CWC Contingency Water Containers
DDT&E Design, Development, Test & Evaluation
ECLS Environmental Control and Life Support
EVA Extravehicular Activity
FOM Figure of Merit
FTE Full-Time Equivalents
ILRS International Lunar Research Station
IRR Internal Rate of Return
ISRU In Situ Resource Utilization
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JAXA Japan Space Agency
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NASA National Aeronautics and Space Administration
NORS Nitrogen Oxygen Recharge System
PR Pressurized Rover
ROXY Regolith to Oxygen and Metals Conversion
SOM Solid Oxide Membrane
TRL Technology Readiness Level
TTBE Time to Break Even
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