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Abstract

In-Situ Resource Utilization (ISRU), the practice of leveraging space resources to sup-
port space exploration, has long been considered as a possible avenue for reducing
the mass and cost of exploration architectures. In particular, producing oxygen from
lunar regolith holds great promise for maintaining life support systems and enabling
orbital refueling of chemical propulsion systems to reduce launch vehicle mass. Un-
fortunately, significant uncertainty as to the mass, power, and performance of such
ISRU systems has prohibited a rigorous quantitative analysis.

To this end, parametric sizing models of several ISRU systems are developed to
better understand their mass, power, and performance. Special focus is given to an
oxygen production technique, called Molten Regolith Electrolysis (MRE), in which
molten lunar regolith is directly electrolyzed to produce oxygen gas and metals, such
as iron and silicon. The MRE reactor model has a foundation of regolith material
property models validated by data from Apollo samples and regolith simulants. A cou-
pled electrochemical and thermodynamic simulation is used to provide high-fidelity
analysis of MRE reactor designs. A novel design methodology is developed that
uses data from the simulation to parametrically generate mass, volume, power, and
performance estimates for an MRE reactor that meets a set of performance criteria.

An integrated ISRU system model, including an MRE reactor, power system, ex-
cavator, liquid oxygen storage system, and other systems, is leveraged in a hybrid
optimization scheme to study the optimal system design and performance character-
istics. The optimized models predict that a 400 kg, 14 kW MRE-based ISRU system
can produce 1,000 kg oxygen per year from lunar Highlands regolith. A 1593 kg,
56.5 kW system can produce 10,000 kg oxygen per year. It is found that the optimal
design of an MRE-based ISRU system does not vary significantly with regolith type,
demonstrating the technique’s robustness to variations in regolith composition.

The mass and power of the optimized ISRU system exhibit an economy of scale,
indicating that larger quantities of oxygen can be produced more efficiently. In fact,
the production efficiency estimates of a lunar ISRU system provide initial evidence
that lunar ISRU may prove beneficial in supporting a Mars Exploration campaign.
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Chapter 1

Introduction

1.1 Lunar ISRU Overview

1.1.1 Motivation: Why do ISRU?

One of the most significant barriers to space exploration is the burden of

bringing all of the material resources from Earth required for a mission.

The rocket equation [119] describes how a small increase in payload mass results in a

dramatic increase in the total mass of the required launch system. This fundamental

paradigm has limited space exploration in the decades since its birth. Today, typical

launch costs are on the order of $10,000/kg to low-earth orbit (LEO) [85].

A study by Eckart in 1996 [36] estimated the price to land hardware on the lunar

surface to be $75,000/kg to $150,000/kg (2015 dollars), dramatically exceeding the

cost of gold (∼$40,000/kg in 2015). A more recent study by the Colorado School

of Mines (CSM) in 2005 [31] estimated lunar surface landing costs to be around

$110,000/kg (2015 dollars). To enable sustainable, affordable exploration of the solar

system, the reliance on Earth’s resources must be reduced.

In-situ resource utilization (ISRU) is “the collection, processing, storing

and use of materials encountered in the course of human or robotic space

exploration that replace materials that would otherwise be brought from

Earth” [89]. By producing resources outside of Earth’s gravity well, ISRU can provide

21



an avenue for reducing the launch mass from Earth. One form of ISRU is producing

oxygen from lunar soil. Oxygen is a major component of launch vehicle, spacecraft,

and lander masses – 80% of launch vehicle mass is fuel and oxygen [9], which translates

to around 70% oxygen by weight. At the same time, oxygen is one of the most

abundant lunar resources – lunar soil is around 44% oxygen by weight [9]. The

production of this valuable resource outside of Earth’s gravity well can support lunar

surface activities and enable orbital refueling to reduce mission mass and cost.

Studies have shown that oxygen can be produced via lunar ISRU at a

lower cost than delivering it from Earth. In 1985, Michael Simon of the General

Dynamics Space Systems Division conducted one of the first economic analyses of

lunar oxygen production [102]. Assuming a 10-year amortization of capital costs along

with operational costs, he determined that oxygen could be produced on the lunar

surface and delivered to LEO at a cost of $5,300/kg (2015 dollars), which is stated to

be 1/3 the cost of delivering it using the Space Shuttle. A study by Eagle Engineering

3 years later [26] also included an amortization of hardware development costs and

calculated a higher cost of $8,095/kg oxygen delivered to LEO (2015 dollars). In

1993, Sherwood and Woodcock [98] included a spares analysis as well and calculated

a cost of $18,370/kg (2015 dollars) for producing oxygen on the lunar surface. The

rising cost estimates over time can, to some degree, be attributed to the development

of more detailed models that take more factors into account, but are also dependent

on the assumptions made in each study. Sherwood’s model delved a level deeper by

including hardware sizing models, a spare parts analysis, and hardware development

costs of the ISRU system derived from a previous technical study by Woodcock et al.

[127]. Sherwood also assumed a crew would be necessary on the lunar surface and

included the crew and their support facilities in his cost estimates. The estimate

by Sherwood and Woodcock [98] indicates that using lunar-derived oxygen in LEO

would not be economically viable, at least in the near-term. Nevertheless, his cost

estimate is still significantly lower than the price of ∼$110,000/kg to launch oxygen

to the lunar surface [31], suggesting that it is viable to use lunar-derived oxygen for

lunar surface activities.
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Lunar ISRU can significantly reduce the required launch mass and cost

for certain missions. In 1993, the “LUNOX” (“LUNar OXygen”) study sponsored

by Johnson Space Center (JSC) [58] examined the impact of ISRU in the context of a

lunar settlement. The study found that incorporating lunar oxygen production into

a lunar settlement scheme reduced total program costs by 20% and launch vehicle

costs by 50%. They concluded that “emphasizing early production and utilization of

lunar propellant has lower hardware development costs, lower cost uncertainties, and

a reduction in human transportation costs of approximately fifty percent”. A study by

Duke in 2003 [34] found that lunar oxygen production with a propellant depot at the

first Moon-Earth Lagrangian point could reduce the propellant delivered from Earth

by 75% for lunar exploration missions similar to the Apollo program. A study out of

the UK Space Agency in 2009 [120] found that between $0.9 billion - $3.8 billion could

be saved annually, less the cost of oxygen production, if lunar oxygen was utilized to

resupply four Altair lunar ascent flights each year.

1.1.2 The History of Lunar ISRU

The first recorded consideration of utilizing extraterrestrial resources was by Kon-

stantin Tsiolkovsky in his science fiction works “On the Moon” and “Dreams about

Earth and Sky” published in 1892 and 1895, respectively [118]. Arthur C. Clark

wrote that “The first lunar explorers will probably be mainly interested in the mineral

resources of their new world, and upon these its future will largely depend” [37].

The first appearances of utilizing lunar resources in the technical literature oc-

curred as early as 1958 with K. Stehling’s work “Moon refueling for interplanetary

vehicles” [110]. The earliest technological studies focused on extracting potential wa-

ter from lunar soil and date to around 1962 with “Water Extraction from Lunar Rock”

by R.W. Murray from the General Electric Missile and Space Division [76].

In February of 1963, Bruce B. Carr of the Callery Chemical Company exam-

ined extracting the potential water from lunar soil as well as chemically producing

oxygen from lunar soil [19]. He proposed circulating hydrogen gas over lunar soil

to produce water vapor by the reduction of iron oxides. Carr also pointed out that
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direct electrolysis of the molten lunar soil could be used to extract larger amounts

of oxygen. He created preliminary estimates of the mass and power of a particular

oxygen extraction technique, called hydrogen reduction, and found that it would take

3-4 months to achieve mass payback (to produce the system’s own mass in oxygen).

In March of 1963, a JPL working group published a set of recommendations for

the utilization of lunar resources [57]. They identified the primary lunar resources as

water, oxygen, hydrogen, raw soil, magnesium, iron, aluminum, nickel, and refractory

materials. Their recommendations pointed to the need for a detailed systems analysis

to assess the savings in cost, mass, and time associated with ISRU. The JPL group

primarily investigated utilizing a solar furnace to extract water and, at significantly

higher temperatures, directly dissociate the silicates in lunar soil.

In August of 1963, a group out of Aerojet General Corporation led by S.D.

Rosenberg published their first quarterly report on a hardware project to facilitate the

production of water from carbon monoxide and hydrogen - a critical step in reducing

the silicates in lunar soil. In December of 1965 they published experimental results

from a reactor to reduce silicates with methane, demonstrating another critical step

required to produce oxygen from lunar silicates. Figure 1-1 displays photographs of

the hardware from their work in 1963 (left) and 1965 (right).

Significant work continued throughout the ensuing decades, with laboratory-scale

development of several processes for extracting water and oxygen from lunar soil. In

1988, a study by Eagle Engineering [26] qualitatively ranked 13 oxygen extraction

techniques based on technology readiness, number of processing steps, and process

conditions. In 1990, a study by the Bechtel Engineering Group [3] conducted a

more comprehensive evaluation of 16 oxygen extraction techniques based on feedstock

material, oxygen production yield, the usability of byproducts, number of processing

steps, operating temperature, required reagents, and estimates of the mass and power

of the processing plant. In 1992, Taylor and Carrier III [115] evaluated 20 oxygen

extraction techniques based on the same criteria as the Eagle Engineering study [26],

with the addition of feedstock flexibility. These surveys all concluded that their

rankings were preliminary because ISRU technology was at a low technology readiness

24



Figure 1-1: The silicate reduction reactor developed at Aerojet in 1963 (left) and
1965 (right), the earliest example of hardware development towards Lunar ISRU.

level (TRL) and the rankings would need to be updated as ISRU technology matured.

Research and development continued until the mid 2000’s, at which point lunar

ISRU received increased interest due to its role in the Vision for Space Exploration

(VSE) [97]. This influx of funding supported phased ground development with a focus

on maturing ISRU technology. Field tests were conducted in Mauna Kea, Hawaii from

2008 to 2012 that placed ISRU technology in a relevant operational environment [91,

92, 93]. These field tests demonstrated the ROxygen and PILOT that utilized the

Carbothermal Reduction of Silicates process, as described in the following section.

In parallel with the field tests, the Molten Regolith Electrolysis (MRE) process was

developed at Massachusetts Institute of Technology (MIT) [103] in conjunction with

Kennedy Space Center [100] and The Ohio State University [106], as well as at the

Marshall Space Flight Center [30].

1.1.3 Lunar ISRU Processes Overview

Although over twenty different techniques to produce oxygen from lunar soil have been

proposed in the literature [114], this work focuses on three processes in particular:

Hydrogen Reduction of Ilmenite (HRI), Carbothermal Reduction of Silicates (CRS),
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and Molten Regolith Electrolysis (MRE). These three techniques have undergone

dramatic technology maturation in the past decade [92] and present perhaps the

most likely processes to be implemented in the near future. A brief overview of each

technique is given below.

Hydrogen Reduction of Ilmenite

The Hydrogen Reduction of Ilmenite (HRI) process heats regolith to around 900∘C

while exposed to hydrogen gas. The hydrogen reacts with the iron oxides in Ilmenite to

form water, which can then be electrolyzed to form oxygen and recycle hydrogen [114].

This process can be expected to extract around 10% of the oxygen in lunar regolith

in the equatorial Mare regions (4 kg of oxygen per 100 kg regolith) and 3% of the

oxygen in lunar regolith in the highland regions (1.3 kg of oxygen per 100 kg regolith),

though it presents some benefits in terms of a relatively low operating temperature

which avoids the requirement of handling molten lunar regolith [92].

HRI reactors come in two primary flavors. The fluidized bed type uses a fast flow

of hydrogen gas against the gravity vector to fluidize the lunar regolith to enhance

reaction kinetics. The second reactor type uses a horizontal rotating bed to stir the

regolith in the presence of hydrogen gas [3].

Carbothermal Reduction of Silicates

The Carbothermal Reduction of Silicates (CRS) process heats regolith past its melt-

ing point and exposes the molten regolith to methane gas. The methane reacts with

silicates (and, with much slower kinetics, the ilmenite) in lunar regolith to produce

carbon monoxide and hydrogen gas [114]. The carbon monoxide and hydrogen are

then reacted over a nickel catalyst to produce water and reform methane. The wa-

ter is then electrolyzed to produce oxygen and hydrogen gas, which is recycled to

reform methane. This process can extract approximately 25-50% of the oxygen from

lunar soil (10-20 kg of oxygen per 100 kg regolith), but at the added cost of process

complexity, risk and a higher operating temperature [92].

CRS reactors typically involve a solar concentrator to direct high intensity solar
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radiation towards a static bed of lunar regolith. Small pockets of regolith are melted

using the concentrated radiation while methane gas flows overhead. After a given

batch time, the solar concentrator is turned off, the bed solidifies, and the solidified,

oxygen-depleted pockets are removed from the bed.

Molten Regolith Electrolysis

A third process, called Molten Regolith Electrolysis (MRE), also known as Molten

Oxide Electrolysis or Silicate Electrolysis, has received significant technology matura-

tion to date. This thesis places a special emphasis on MRE, therefore a more detailed

description of the process is presented in the following section.

1.2 Molten Regolith Electrolysis

1.2.1 Process Overview

In the Molten Regolith Electrolysis (MRE) process, lunar regolith is fed into the re-

actor where it is heated to a molten state. Molten lunar regolith is conductive enough

to sustain direct electrolysis [69], where two electrodes are immersed in the molten re-

gion and a voltage is applied. The applied voltage drives a current through the molten

regolith, producing oxygen gas at the anode and molten metals and metalloids, such

as iron, silicon, aluminum, and titanium, at the cathode [56].

Theoretically, this process can extract all of the oxygen from lunar regolith [103]

(≈44 kg of oxygen per 100 kg regolith), but realistic operating conditions will likely

limit oxygen extraction efficiency to lower values. Current efficiencies in excess of

95% can be expected, though iron-bearing regolith will decrease the expected effi-

ciency [103].

Molten Regolith Containment: The Joule-Heated Cold Wall Solution

One design factor in an MRE reactor is the containment of molten regolith, which

is extremely corrosive. The longest laboratory experiments lasted on the order of a
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Figure 1-2: Schematic of a Molten Regolith Electrolysis Reactor that produces oxygen
gas at the anode and molten metals at the cathode. The central molten core is
insulated by solid “frozen” regolith around the reactor perimeter.

few hours [79] before the molten regolith eroded through the inner crucible, which is

obviously not a solution to long-term oxygen production.

Paramore [79] notes that “fortunately, this frustration [crucible failure] is purely

an artifact of laboratory-scale experimentation.” To solve the challenge of molten

material containment, an MRE reactor can be designed similarly to industrial Hall-

Heroult reactors [83] to support joule-heated, cold-wall (JHCW) operation. In JHCW

operation, the the current traveling through the resistive melt generates heat via

joule heating (𝐼2𝑅) to maintain a central molten core, and the thermal gradients are

designed such that the molten core is insulated by solid “frozen” regolith around the

perimeter of the reactor, as shown in Figure 1-2. The solid regolith in contact with

the reactor walls is not corrosive and enables long duration operation. The reactor

shown in Figure 1-2 demonstrates the JHCW operation, with the central molten core

surrounded by a phase boundary where the transition to the solid/glass phase occurs.

The current streamlines are depicted in red and sample anodic and cathodic reactions

are indicated.
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1.2.2 MRE Tradeoffs

MRE Benefits

There is a strong impetus to explore the feasibility of an ISRU system with an MRE

reactor, as there are many potential benefits to such a system. A study compar-

ing various oxygen production methods (including water extraction from lunar polar

craters) identified MRE has having the most favorable power consumption and the

second most favorable mass throughput [73].

MRE does not require additional process materials, such as hydrogen, methane,

or fluorine reagents. This means that an MRE reactor will not require additional

systems to recycle the reagents, leading to a decrease in system mass and complexity.

MRE can extract the majority of the oxygen from lunar regolith, which can dramat-

ically decrease regolith throughput requirements. To provide some perspective, for

every 100 kg of lunar regolith, Hydrogen Reduction can extract 1-5 kg of oxygen, Car-

bothermal Reduction can extract 10-20 kg of oxygen, and MRE can extract 16-40 kg

of oxygen. The benefit of a higher oxygen extraction efficiency can have a profound

impact in reducing total system mass and power requirements. Furthermore, the oxy-

gen extraction ratio of MRE is relatively feedstock insensitive, meaning that one can

expect an MRE reactor to extract similar amounts of oxygen at all locations on the

lunar surface. Additionally, HRI and CRS reactors produce water from the primary

chemical reaction, which must then be electrolyzed by a secondary system. MRE

directly electrolyzes lunar regolith to produce oxygen and thus does not require the

mass nor complexity of a secondary electrolysis system.

Perhaps the most attractive aspect of MRE is the fact that it produces a number

of useful byproducts, including molten iron, silicon, aluminum, titanium, and glassy

slag that can be readily cast after removal from the reactor. A number of studies

determined that, with post-reactor processing, the byproducts of MRE could be used

to produce infrastructure, spare parts and even solar arrays on the lunar surface [67,

66, 30, 9]. In fact, MRE is also being developed for environmentally-friendly metal

production on Earth [43, 121]. Thus, developing MRE technology directly matures
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technology that can be used on Earth to produce industrial metals with a zero-carbon

footprint.

In light of the recent evidence in support of water in the polar lunar craters [27],

there remain many potential benefits to using MRE on the lunar surface, perhaps

even in parallel with a water extraction scheme. First, there is significant uncertainty

as to the state and concentration of the water in lunar craters [27]. A resource

prospecting mission is necessary to ascertain ground truth and is tentatively planned

to launch in 2019 [5]. MRE may be concurrently developed using existing data from

the Apollo lunar samples. Technical challenges associated with feedstock excavation

from within permanently shadowed craters can also be avoided with the MRE process.

Furthermore, previous ISRU studies have indicated that MRE may have an order of

magnitude better efficiency, specific mass, and specific power than other production

techniques, including a water extraction scheme [13].

MRE Design Challenges

Although there are certainly many benefits to using MRE on the lunar surface, a set of

design challenges still remain. The problem of anode corrosion has been adequately

addressed with a number of possible materials [2], but preventing the molten iron

produced in the reactor from alloying with the cathode current collector (traditionally

molybdenum) remains an open research problem. This problem may perhaps be

overcome using a molten copper cathode concept proposed by Paramore [79].

For melts containing iron and titanium, the multivalent nature of these ions will

likely create parasitic currents that reduce current efficiency. For certain oxides, such

as sodium- and magnesium-oxide, the cations will form as a gas, rather than a liquid,

at the cathode. These gases may bubble to the surface and recombine with the

oxygen overhead to create a cyclic reaction that will also lead to current efficiency

degradation. Previous experiments suggest that these effects may be mitigated with

an anode oxygen collection tube [103], but further testing is required to determine

how to best handle these species in lunar regolith.

Naturally, the high operating temperature (circa 1600∘C) required by MRE poses
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materials handling issues. Although many of these issues can be addressed by a joule-

heated, cold-wall reactor design (see Section 1.2.1), hardware development is required

to demonstrate this mode of operation on a lunar simulant. Finally, one the most

important but least tangible considerations is that MRE is at a lower technology

readiness level (TRL) than Hydrogen Reduction and Carbothermal Reduction and

thus requires relatively more technology development.

1.2.3 Historical Development of MRE

The process of electrolytically extracting metals from molten ores was first patented

by Aiken [1] in 1906 for the production of iron from raw ore. Carr [19] first suggested

using a terrestrial electrolysis process to produce oxygen from lunar soil in 1963. The

first experimental work on electrolytically reducing lunar soil simulants was conducted

by Kesterke [61] in 1970. He extended industrial electrowinning practices to silica-

bearing minerals and operated an electrolysis cell on terrestrial volcanic scoria, which

is similar to lunar regolith. These experimental runs produced around 170g of oxygen

as well as significant amounts of iron, titanium, aluminum, and magnesium using

iridium as an anode and silica-carbide as a cathode. Over the next decade, electrolytic

reduction of lunar regolith received considerable attention [56, 61, 69, 90].

In 1983, JPL published a report on space resources, including experimental efforts

to electrolyze lunar simulants. They conducted experiments with current densities

near 1.25 A/cm2 for 1.4 hours and achieved current efficiencies in excess of 95%.

This report mentioned the possibility of utilizing the thermal gradient in large-scale

production reactors to effectively isolate the inner molten core from the containment

crucible, which may be the first mention of the joule-heated, cold-wall reactor op-

eration for lunar ISRU in the literate. In agreement with Kesterke [61], the report

discussed producing not only iron, but also silicon and aluminum from lunar soil.

In 1992, Haskin et al. [45] studied the kinetics of the electrode reactions in an

MRE reactor operating on feedstock with a composition similar to lunar regolith.

They measured electrical conductivity of the lunar simulant to better understand

power requirements of MRE reactors.
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In 2006, Curreri et al. [30] at Marshall Space Flight Center carried out a 1 year

hardware demonstration project for an MRE reactor. They tested a platinum 40%

rhodium wire anode with three cathode materials: graphite, platinum 40% rhodium,

and nickel-plated platinum rhodium. They demonstrated oxygen production from

JSC-1 lunar simulant, though their apparatus required a fluxing agent to lower the

melting temperature to 850∘C. In the late 2000’s, MRE research continued with

significant efforts in hardware demonstrations and scale-up occurring at MIT [103,

121, 124, 2] in conjunction with Kennedy Space Center [99, 100, 101, 32] and The

Ohio State University [107, 106].

The work at MIT addressed the problem of anode corrosion, which was one of the

primary concerns of MRE reactors at that point in time [114]. After testing a group

of platinum metals, iridium was found to be an acceptable anode material with a

corrosion rate of less than 8 mm/year, which is well within the aluminum production

industry standards [43, 124]. Reactor designs were scaled up from 0.1 A with 0.3 cm2

electrodes to 10 A with 10 cm2 electrodes [121, 103], making progress from laboratory-

scale testing towards technology demonstration levels. Alternative anode materials

were demonstrated, including iridium-plated graphite [79], 50-50 iridium/tungsten

alloys [121], and iron-chromium alloys [2]. Novel anode geometries were investigated

to increase current density limits [79], as shown in Figure 1-3. A counter-gravity

molten metal removal system was developed at Ohio State University that leveraged

the natural vacuum available on the lunar surface to remove molten metals from the

reactor [106].

Figure 1-3: Three different anodes tested by Paramore [79], created by coating
graphite geometries with iridium via electrodeposition.

32



1.2.4 The Need for MRE Reactor Modeling

Given the possible benefits of utilizing MRE on the lunar surface as described in Sec-

tion 1.2.2, there is a large impetus to model such reactors. Altenberg [3] noted that

two of the primary issues associated with MRE were 1) the lack of specified optimal

process, conditions, feed rate, and feedstock requirements and 2) a poor understand-

ing of the meaningful design parameters and oxygen extraction efficiency. These

questions can be answered, in part, through extensive modeling of MRE reactors.

Indeed, models for HRI and CRS reactors have been extensively developed to

better understand the design trades of such reactors. The HRI reactor model utilizes

the shrinking-core physics formulation of fluid-particle chemical interactions to predict

HRI reactor performance [48]. The chemical conversion rates, which include effects for

particle size and reactor start-up, were validated with lunar simulant test data [47].

The CRS reactor model was also validated using lunar simulant test data [10]. The

model can predict the conversion rate of a batch for a given temperature and batch

time, which is a critical process parameter [11].

The CRS and HRI reactor models have been leveraged to better understand op-

timal reactor design. For both HRI and CRS reactor designs, the number of batches

per day was evaluated to study its effect on reactor mass, process energy, and regolith

throughput requirements [70]. The effects of combining multiple reactors in parallel

with heat recuperation was studied using the HRI reactor model [71]. The tradeoff

between shorter batches with faster kinetics and longer batches with more complete

chemical conversions was studied to better understand optimal reactor batch time.

Although parametric models to predict the mass and power of reactors utilizing

HRI and CRS have been developed, a similar model of suitable fidelity for an MRE

reactor does not yet exist in the literature. This deficit has prevented quantitative

comparisons between MRE and other processing techniques. In one of the most

recent ISRU system studies, both HRI and CRS reactors were evaluated, but the

MRE reactor model was not mature enough to be properly compared to the HRI and

CRS models [23].
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As discussed in Section 1.2.2, there are both potential benefits and drawbacks

to utilizing MRE to produce oxygen from lunar regolith. To truly understand the

tradeoffs associated with MRE reactors, these reactors must be quantitatively mod-

eled. MRE modeling can answer important questions concerning the ideal operating

conditions (batch time, operating temperature, etc.) and reactor geometry (diame-

ter, electrode separation, etc.). Colson and Haskin [29] hypothesized that “high melt

resistivities coupled with the large distance between electrodes that would seem to be

required to make the approach robust might make power requirements prohibitive [for

an MRE reactor]”. Teeple [116] surmised that “the electrolysis techniques [including

MRE], involve high temperatures, so one would expect high plant masses”. Questions

such as these, which attempt to understand the optimal design and performance of

an MRE reactor, can be answered through parametric model analysis.

Furthermore, MRE modeling can guide hardware development. During the re-

cent hardware development at MIT, the design of a JHCW reactor was avoided

because “at this stage [fabricating a JHCW reactor] was considered a superfluous

enterprise, because the cell dimensions necessary to achieve sufficient joule heating

would be extremely expensive to construct for an unproven process”. Clearly, a better

understanding of how to design JHCW reactors is needed in order to guide hardware

development.

1.2.5 Previous MRE Reactor Modeling

There has been some amount of previous modeling work concerning MRE reactors.

Dominguez et al. [32] created a multiphysics simulation of the laboratory MRE re-

actors at MIT using COMSOLTM, shown on the left in Figure 1-4. This simulation

utilized material property data for lunar regolith including the density, electrical con-

ductivity, and thermal conductivity as a function of temperature. The temperature

and voltage profiles of the reactor were studied to better understand the thermoelec-

tric topology inside an MRE reactor. The model included conduction, convection,

and surface-to-surface radiation heat transfer, and the relative contribution of each

heat transfer mode was studied.
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Figure 1-4: (left) The multiphysics model of the MRE reactors tested at MIT, devel-
oped by Dominguez et al. [32] and (right) the multiphysics simulation of the joule-
heated reactor design developed by Sibille and Dominguez [99].

To assess the viability of a JHCW MRE reactor (see Section 1.2.1) with lunar

regolith feedstock, Sibille and Dominguez [99] expanded the previous MRE reactor

simulation. Their work demonstrated that it was indeed feasible to design a JHCW

reactor for processing lunar regolith, shown on the right of Figure 1-4. Their simu-

lation included an additional mode of heat transfer, called radiation in participating

media. This mode of heat transfer accounts for the fact that molten lunar regolith is

not completely opaque and therefore radiates, absorbs and retransmits energy when at

high temperatures. This simulation effort also demonstrated that a “waffle” geometry

anode can increase current capacity while also allowing for oxygen to readily escape

from under the anode without disturbing the contact between the molten regolith

and the anode surface.

Although previous simulation work demonstrated that a JHCW MRE reactor

appears feasible [99], these simulations present a point design rather than a parametric

model. That is, the simulation did not map oxygen production level to total reactor

mass and power. Furthermore, the most recent simulations and experimental work

have studied reactors that use tens of amps of current, while production-level reactors

will need to use on the order of kilo-amps. The proper method for scaling up MRE

reactor designs to these higher production levels has yet to be explored.
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1.3 Integrated ISRU System Modeling

1.3.1 Motivation: Why model integrated ISRU hardware?

To truly understand the benefits and drawbacks of lunar ISRU, the holistic ISRU

system design and performance must be quantitatively modeled. Simon’s 1985 para-

metric analysis of lunar oxygen production showed that, after the Earth-to-Moon

transportation cost, the power required for ISRU had the biggest impact factor in the

economic feasibility of lunar ISRU [102].

Sherwood and Woodcock [98] conducted an economic analysis of lunar oxygen

production and noted that, “the sensitivities [of their economic model] are modest,

except for the mass of production hardware.” They found that when the ISRU system

mass was varied by a factor of two, the total cost of producing oxygen on the lunar

surface varied from $12,570 to $29,857/kg (about a nominal value of $18,370/kg) in

2015 dollars. Thus, it is imperative to accurately model the mass, power

and performance of the entire ISRU system to determine the utility of

such systems.

1.3.2 The history of ISRU system modeling

Lunar ISRU Hardware Modeling

In 1982, the first model of the life cycle of a lunar mission, called LUBSIM, was

created [63]. LUBSIM utilized over 200 non-linear scaling equations with 600 con-

stants and variables to simulate the mass flow, power, and manpower requirements

of a lunar base.

In 1988, a technical report by Eagle Engineering Inc. [26] created detailed hard-

ware designs for am HRI system (see Section 1.1.3). This design included an excava-

tor, hauler, magnetic feedstock beneficiation, low-pressure and high-pressure hoppers,

a hydrogen recycling system, water electrolysis cell, hydrogen makeup tank, oxygen

liquefaction and storage, a thermal control system, and many other subsystems. An-

alytical component scaling models were integrated to predict the mass and power of
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an HRI-based ISRU system. This report demonstrated the value of parametric sizing

models by assessing the effect of feedstock ilmenite concentration, lunar base location,

and other parameters on the mass, power, and performance of the ISRU system.

In 1990, Woodcock et al. [127] produced a detailed conceptual design of an

entire lunar outpost dedicated to liquid oxygen production. Their design included

many of the components included in the Eagle Engineering design [26] and expanded

the scope to consider robotic maintenance, excavation, and base construction. The

required launch manifest landed a total of 388 mT on the lunar surface to enable an

oxygen production level of 100 mT/year within 3.75 years of the first landing.

In 1994, Hepp et al. [52] conducted a survey of the production of metals from

lunar regolith. They compiled mass and power estimates for 11 chemical processing

techniques, including HRI, CRS, and MRE.

In 1996, Eckart [36, 35] developed a steady-state model of lunar base systems that

represented a simplification of the complex LUBSIM model developed by Koelle and

Johenning [63]. This model included an in-situ oxygen production model to predict

soil feed requirements, system mass, resupply mass, and power requirements, as well

as a power system model. Eckart’s model integrated the ISRU system with a full lunar

base model to study the benefits and costs of manufacturing lunar products [37].

In 2007, Steffen et al. [109] began a new generation of ISRU system modeling

that took a bottom-up approach. Their work developed analytical component sizing

models and integrated the components together to study system mass and power.

They modeled a set of HRI reactors that interfaced with a Knudsen flow hydrogen

separator, a compressor, a solid oxide electrolyzer (to split the product water into

oxygen and hydrogen), an oxygen liquefaction and storage system, and a variety of

options for a fission power system. They quantitatively demonstrated that using two

reactors operating out of phase in parallel would provide a more even power profile.

In 2008, Chepko et al. [24, 25] incorporated updated reactor models [10, 48] into

a partially-integrated ISRU system model. Their model included a reactor, regolith

storage hopper, and auger to insert regolith into the reactor, but did not include power

nor excavation systems, two critical elements in designing optimal ISRU systems.
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Their work demonstrated some of the first optimization of lunar ISRU systems, in

which they leveraged a genetic-algorithm optimization scheme to locate the design

variables and technology choices that led to the minimal system mass. This modeling

demonstrated the power of optimizing analytical sizing models, in that it identified

optimal process conditions and hardware configuration options.

In 2009, Linne et al. [70] utilized detailed reactor models for HRI and CRS to

study the optimal number of batches per day. This work demonstrated the effects

of feedstock parameters, such as particle size, on the design and operation of such

reactors. Multiple reactors with heat recuperation were determined to be an effective

avenue for reducing energy requirements by 20-40% [71].

Economic/Financial/Political Modeling

A number of studies have leveraged existing ISRU engineering models, either in the

form of analytical scaling equations but more often as simple linear scaling laws, to

assess the economic feasibility of lunar oxygen production [102, 98, 116, 14].

Some modeling approaches have even included political and legal aspects along-

side engineering and economic models, such as the Fertile Moon [13] and Full

Moon [7] ISRU studies. These two studies assessed the economic feasibility of pro-

ducing hydrogen, oxygen, and water on the lunar surface, and considered five different

ISRU methods, including HRI, CRS, and MRE.

1.3.3 The necessity of integrated ISRU system modeling

When modeling ISRU systems, it is essential to model the integrated sys-

tem, including elements such as the reactor, power system, oxygen storage

system, excavator, etc. A study by Linne et al. [70] examined the design and op-

eration characteristics of an HRI reactor. They noted that operating at the optimal

oxygen extraction energy (MJ/kg O2) increased the regolith throughput from a nom-

inal 200 kg per day to 333 kg per day, which will increase the mass and power of

the excavation system. With an integrated ISRU system model, the tradeoff between
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optimal reactor performance and optimal excavator design can be balanced to mini-

mize total system mass. Linne et al. [70] also found that processing larger quantities

of regolith in fewer batches each day reduced reactor power and regolith throughput

requirements, but increased reactor mass. This tradeoff between mass and power

appears often in reactor modeling and can be quantitatively studied using a model

that includes a power system.

Hegde et al. [47] studied optimal HRI reactor designs and noted that the “reactor

must interface with the other sub-system processes such as upstream regolith extraction

and beneficiation and downstream electrolysis and phase separation in a way that

establishes the most favorable balance between efficiency, robustness, and equivalent

system mass.” Integrated ISRU system models can address the optimal design of these

complex, coupled systems. One such tradeoff is the decision of the height-to-diameter

(H/D) ratio of the hydrogen reduction reactor. Linne [71] noted that a lower H/D

ratio was more efficient, but for a fluidized bed reactor this increases the required

hydrogen flow rate to maintain fluidization. An integrated ISRU system model that

incorporates the gas cleanup, condenser, compressors, and other subsystems could be

used to quantify this tradeoff.

1.4 Research Overview

There are two primary objectives achieved via this research:

1.4.1 MRE Reactor Parametric Model Development

First, a parametric sizing model for an MRE reactor is developed.

This model has a foundation of lunar regolith material properties with both

composition- and temperature-dependence, including thermal and electrical conduc-

tivity, density, etc. These data sets are integrated into a multiphysics simulation,

created using COMSOLTM, that simulates the electrical, chemical, and thermody-

namic behavior of reactor designs. The multiphysics simulation is leveraged to create

an extensive tradespace of reactor designs with different values for the diameter,
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electrode separation, and wall thermal conductivity. A novel design methodology is

implemented that determines the required reactor design (diameter, electrode sep-

aration, and wall thermal properties) that 1) sustains the amount of molten mass

and average current required to meet a given oxygen production level, 2) maintains

a given operating temperature within the molten core, and 3) ensures that the reac-

tor walls are insulated from the molten core by a layer of solid lunar regolith in the

joule-heated, cold-wall concept (discussed in Section 1.2.2).

The sizing model presented in this work parametrically generates a reactor design

and performance estimates for a given set of model inputs, including oxygen produc-

tion level, operating temperature, and regolith feedstock type. This model can be

used to 1) guide MRE reactor design development and 2) quantitatively compare it

to other oxygen production techniques. This research objective seeks to address the

following knowledge gaps:

1. What are the optimal MRE reactor design characteristics in terms of operating

temperature, batch time, voltage, current, electrode separation, diameter, etc.?

2. What reactor geometry is required to maintain the joule-heated cold-wall effect?

3. How does the design of an MRE reactor scale with production level?

4. How is operational flexibility designed into an MRE reactor?

1.4.2 Integrated ISRU System Model Development

Second, an integrated ISRU system model is developed to study the opti-

mal design variables that minimize the mass and power of an MRE-based

ISRU system over a range of production levels.

Although the previous studies identified in the Section 1.3.2 evaluated the impact

of ISRU systems on transportation, financial, and even political aspects of lunar ex-

ploration, these studies relied on either simple linear scaling laws or hardware scaling

models that are several decades old for the ISRU system. With the new generation of

ISRU component models available [11, 24, 48, 70], the time for an updated integrated

ISRU system study is ripe.
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The system model presented in this work expands upon previous work [23] to

encapsulate a more complete system by including models of an MRE reactor, power

system, excavation system, oxygen storage and liquefaction system, as well as a hop-

per and regolith feed system. By evaluating the integrated ISRU system, the holistic

system performance may be studied and optimized, rather than just a subset of the

entire system. A hybrid genetic algorithm/gradient-based optimization routine is

developed and utilized to minimize the ISRU system mass over a range of oxygen

production levels.

These optimized mass and power estimates can be leveraged in hierarchical models

of a lunar base, transportation logistics, economic markets, and other aspects to better

understand the impact and applicability of lunar ISRU. This objective attempts to

address the following questions:

1. How do the mass and power of the holistic system grow with production level?

2. What are the design characteristics of the optimized system?

3. What is the optimal production level for a single reactor/how does the number

of reactors scale with production level?

4. When does the ISRU system achieve mass pay-back?

The first objective, creating a parametric model for an MRE reactor, is described

in Chapter 2. The second objective, optimizing the ISRU system model, is presented

in Chapter 3. The conclusions are presented in Chapter 4.
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Chapter 2

MRE Reactor Model

2.1 MRE Model Overview

This chapter presents the development of a parametric sizing model of MRE reactor.

This model is used to generate an MRE reactor design, with mass, power, and perfor-

mance estimates, for a given set of inputs, such as oxygen production level, operating

temperature, batch time, etc.

The MRE reactor model is built on a foundation of composition- and temperature-

dependent lunar regolith material property models presented in Section 2.2, which

are validated using data from Apollo samples and regolith simulants. As described

in Section 2.3, the reactor model calculates the regolith throughput required to meet

the desired oxygen production level. The reactor model integrates electrochemical

principles, presented in Section 2.4, with a multiphysics simulation, presented in Sec-

tion 2.5, to model the performance of reactor designs. As described in Section 2.6,

data generated by the multiphysics simulation is leveraged to create a novel reactor

design methodology. This design methodology is built into a parametric sizing model

to generate a reactor design that 1) sustains the amount of molten mass and current

required to meet a given oxygen production level, 2) maintains a given operating tem-

perature within the molten core, and 3) ensures that the reactor walls are insulated

from molten regolith by a layer of solid lunar regolith in the joule-heated, cold-wall

(JHCW) concept described in Section 1.2.1.
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Figure 2-1: A high-level schematic of the MRE reactor model, mapping user inputs
to model outputs. The multiphysics regression model is used to generate realistic
reactor design and performance estimates. Sections are referenced from the text.

The reactor sizing model presented in this chapter parametrically generates reactor

design and performance estimates that can be used to guide MRE reactor development

and quantitatively compare it to other oxygen production techniques. A top-level

schematic of the MRE reactor model data flow is shown in Figure 2-1, in which the

user inputs are mapped to model outputs.

2.2 Regolith Material Properties

2.2.1 Composition

Lunar regolith is comprised of minerals such as plagioclase, pyroxene, olivine, and

ilmenite, and the concentration of each depends heavily upon location on the lunar

surface [49, 26]. Each of these minerals are composed of various oxide species, in-

cluding FeO, SiO2, Al2O3, etc. A modal analysis of the mineralogical distributions

observed at the regolith at the Apollo and Luna landing sites grouped lunar regolith

into three broad categories: Low-Titanium Mare, High-Titanium Mare, and High-

lands [12, 111]. Figure 2-2 shows a map of the lunar surface with the lunar Highlands
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(red), High-Ti Mare (yellow) and Low-Ti Mare (cyan) from the Clementine UVVIS

instrument [72]. The regolith properties given below are often differentiated based

upon these three categories.
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Figure 2-2: The composition of lunar regolith by oxide type for three different re-
gions: High-Titanium Mare (yellow), Low-Titanium Mare (cyan), and Highlands
(red). Composition data from Apollo and Luna missions [111] and imagery data from
Clementine UVVIS instrument [72].

2.2.2 Density

The density of lunar regolith is used in the multiphysics simulation to map between

the volume and mass of regolith in the reactor. The density of solid lunar regolith

was taken to be 1500 kg/m3 [49]. For molten lunar regolith, the density varies with

both temperature and composition. The Stebbins density model [108], shown in

Equation (2.1), was used to model the density of molten lunar regolith because it could

be easily adapted to the composition of lunar regolith and was valid in temperature
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range of interest (1500K-2500K).

𝜌 =
1000 𝑟1

𝑟2 + 𝑟3(𝑇 − 1873)
, (2.1)

where 𝜌 is the density (kg/m3), 𝑇 is the temperature (K), and 𝑟𝑖 are regression coef-

ficients, shown in Table 2.1. The regression coefficients were calculated by weighting

the oxide-specific coefficients from Stebbins et al. [108] by the oxide molar fraction

for each type of regolith.

Table 2.1: The coefficients for the Stebbins density model (Equation (2.1)) applied
to three types of lunar regolith.

r1 r2 r3
Highlands 63.45 24.11 0.001206
High-Ti Mare 63.33 22.48 0.001982
Low-Ti Mare 63.84 23.01 0.001612

The predictions from the density model are shown in Figure 2-3 for the range of

temperatures relevant to an MRE reactor. The values predicted by the model compare

well with the range of 2200 to 3200 kg/m3 given in the Lunar Sourcebook [49] and

the range of 2490 to 2890 kg/m3 measured for molten JSC-1A lunar simulant [59].

2.2.3 Specific Heat

The specific heat of lunar regolith is used to estimate the energy required to heat lunar

regolith to the operating temperature. For temperatures below 350K, a fourth-order

polynomial fit of Apollo lunar sample data from Hemingway [51] was used:

𝐶𝑝 = 𝐴 + 𝐵𝑇 + 𝐶𝑇 2 + 𝐷𝑇 3 + 𝐸𝑇 4, (2.2)

where 𝐶𝑝 is the specific heat, 𝑇 is the temperature in K, 𝐴, 𝐵, 𝐶, 𝐷, and 𝐸 are

regression coefficients from Hemingway et al. [51]. For temperatures above 350K, a

model for silicate glasses developed by Stebbins [108] was employed to predict the the
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Figure 2-3: The density of High-Ti Mare, Low-Ti Mare and Highlands molten lunar
regolith as a function of temperature as calculated by the Stebbins density model [108],
which includes both composition- and temperature-dependencies.

heat capacity of solid regolith:

𝐶𝑝 =
∑︁
𝑖

𝜒𝑖𝑎𝑖 + 𝑇
∑︁
𝑖

𝜒𝑖𝑏𝑖 + 𝑇−2
∑︁
𝑖

𝜒𝑖𝑐𝑖, (2.3)

where 𝜒𝑖 is the mole fraction of oxide specie 𝑖 in lunar regolith, and 𝑎𝑖, 𝑏𝑖, and 𝑐𝑖

are coefficients from Stebbins et al. [108]. Table 2.2 shows the resultant weighted

coefficients, calculated by weighting the oxide-specific coefficients by molar fraction.

For molten regolith, the specific heat remains relatively constant with temperature

but varies with composition, as predicted by the Stebbins specific heat model [108]:

𝐶𝑝 =
∑︁
𝑖

𝜒𝑖𝐶𝑝,𝑖, (2.4)

where 𝐶𝑝,𝑖 is the coefficient of each oxide specie 𝑖 in lunar regolith, formed from

a linear regression of a database of 58 different compositions [108]. The resultant

weighted coefficients are shown in the right-hand column in Table 2.2.

The combined specific heat models from Equations (2.2), (2.3), and (2.4) are shown
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Table 2.2: The coefficients for the Stebbins heat capacity model (Equa-
tions (2.3) and (2.4)), in which oxide-specific coefficients are weighted by molar frac-
tion. The summation represents a summation over all oxide species in lunar regolith.∑︀

𝑖 𝜒𝑖𝑎𝑖
∑︀

𝑖 𝜒𝑖𝑏𝑖
∑︀

𝑖 𝜒𝑖𝑐𝑖
∑︀

𝑖 𝜒𝑖𝐶𝑝,𝑖

High-Ti Mare 8.820E+02 3.083E-01 -2.278E+07 1531
Low-Ti Mare 9.093E+02 2.870E-01 -2.469E+07 1539
Highlands 9.530E+02 2.524E-01 -2.645E+07 1565

in Figure 2-4. The model from Stebbins [108] matches up well with the Apollo data

fit at 350K. The data in Figure 2-4 is also in the same range at the model proposed

by Colozza [28].
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Figure 2-4: The specific heat model for lunar regolith. The data below 350K are from
a model based on direct measurements of Apollo samples [51]. The data above 350K
are based off of a composition-based model from Stebbins et al. [108].

2.2.4 Thermal Conductivity

The thermal conductivity of lunar regolith drives the thermal topology of an MRE

reactor. For solid lunar regolith, thermal conductivity data was compiled for the

FJS-1 and synthetic Apollo 11lunar simulants [99]. Thermal conductivity data was
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Figure 2-5: The thermal conductivity data for solid lunar regolith simulant FJS-1
(left) and liquid silicates similar to lunar regolith (right) taken from Slag Atlas [38]
and Snyder et al. [104].

unavailable for molten lunar regolith, so similar minerals were selected from the Slag

Atlas [38] and Snyder et al. [104], as shown on the right side of Figure 2-5.

The thermal conductivity rises around the melting temperature of 1500K and then

decreases asymptotically at higher temperatures. Initially, separate fits were made for

the solid and liquid data, but the discontinuity dramatically impeded convergence in

the multiphysics solver. A continuous smooth fit (the solid black line in Figure 2-5),

shown in Equation 2.5, was implemented over both the solid and molten data, which

reduced the multiphysics convergence time by two orders of magnitude.

𝑘 =
0.008865(𝑇 ′)3 + 0.07197(𝑇 ′)2 − 0.009113(𝑇 ′) + 0.005266

(𝑇 ′)2 − 1.053(𝑇 ′) + 0.2955
, (2.5)

where 𝑇 ′ is the temperature in K normalized by a mean 1289 and standard deviation

520.5. The fit coefficients were generated using the MatlabTM function cftool with

bisquare weights for robustness. The thermal conductivity model in Equation (2.5)

was used for all three types of lunar regolith in the MRE reactor model.
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2.2.5 Electrical Conductivity

The electrical conductivity of lunar regolith affects both the operating voltage and

reactor geometry required for an electrolysis cell [94], as it is inversely proportional

to the resistive heating in the melt. For solid lunar regolith, electrical conductivity

data from Olhoeft et al. [78] for Apollo samples 12002,85 and 65015,6 was used. For

molten lunar regolith, data from Ducret et al. [33] was utilized with a composition

of 25% CaO, 25% MgO, and 50% SiO2 with varying amounts of FeO added. The

mixture with 5 wt% FeO added was used to approximate both Mare types of regolith

and data for the melt with 15 wt% FeO added was used for the Highlands, to match

the compositions shown in Figure 2-2.

Intuitively, solid lunar regolith has a much lower electrical conductivity than the

molten regolith. The dramatic increase in electrical conductivity around the melting

temperature is due to the rise in ionic mobility in the molten material, which is a

primary driver of electrical conductivity in molten oxides [94]. As the temperature

increases, the molten regolith becomes less viscous and ionic mobility increases [29].

Figure 2-6 shows the electrical conductivity data [78, 33] with the model overlaid.

Clearly the electrical conductivity increases with FeO concentration. In the context

of lunar regolith, this means that one can expect a higher electrical conductivity in

the Mare regions compared to the Highlands regolith. As with thermal conductivity,

the electrical conductivity had to be fit with a continuous function for both solid

and molten regolith to enable robust, rapid multiphysics solving. A Vogel-Tamman-

Fulcher (VTF) fit [123, 113, 88] was implemented on the data, as it has been shown

to match the temperature dependence of the electrical conductivity of ionic liquids

quite well [122]. The VTF fit is given as follows:

𝜎𝑒 =
𝑒𝐴
𝑇

exp

(︂
−𝑒𝐵

𝑇 − 𝑇0

)︂
, (2.6)

where 𝜎𝑒 is the electrical conductivity in S/m, 𝑇 is the temperature in K, and 𝑒𝐴 and

𝑒𝐵 are regression coefficients. These coefficients are presented in Table 2.3 and were

generated using the MatlabTM function cftool with bisquare weights for robustness.
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Figure 2-6: Data of electrical conductivity for lunar regolith and similar materials [33].
A VTF fit [123, 113, 88] is overlaid for compositions similar to Highlands and Mare lu-
nar regolith. The electrical conductivity exhibits a sharp increase around the melting
temperature due to the increased ionic conductivity in molten regolith.

Note that 𝑇0 had to be set to zero to avoid asymptotes in the lower temperature

regime. As observed in Figure 2-6, the model compares reasonably well with data

for Tholoeiitic and Alkali basalts from Rai [84], data on basalt and anorthite from

Carroll [20], and data from Schiefelbein and Sadoway [94].

Table 2.3: The coefficients for the model of electrical conductivity of lunar regolith
(Equation (2.6)), differentiated for Mare and Highlands regolith.

Mare Highlands
𝑒𝐴 1.508E+8 6.341E+8
𝑒𝐵 1.331E+4 1.708E+4
𝑇0 0 0

2.2.6 Optical Absorption Length

The optical absorption length of lunar regolith plays a large role in determining how

radiation travels in the molten regolith core before being absorbed. Wavelength-
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dependent data on molten glasses from Sibille and Dominguez [99] was first fit with a

step function. This step function was then weighted by the energy density predicted

by the Planck temperature-dependent black body radiation law and integrated over

all wavelengths to determine the average absorption length at a given temperature:

𝛼(𝑇 ) =

∫︀∞
0

𝑃 (𝜆, 𝑇 )𝛼(𝜆)𝑑𝜆∫︀∞
0

𝑃 (𝜆, 𝑇 )𝑑𝜆
, (2.7)

where 𝛼(𝜆) is the absorption coefficient as a function of wavelength, 𝜆, and 𝑃 (𝜆) is

the spectral energy density as a function of wavelength from Planck’s Law [82]:

𝑃 (𝜆, 𝑇 ) =
8𝜋ℎ𝑐2

𝜆5

(︃
1

𝑒𝑥𝑝( ℎ𝑐
𝑘𝐵𝑇𝜆

) − 1

)︃
, (2.8)

where ℎ is Planck’s constant, 𝑐 is the speed of light, and 𝑘𝐵 is Boltzmann’s constant.

The left plot in Figure 2-7 shows the step function for absorption length derived

from Sibille and Dominguez [99] (black solid line) overlaid with the Planck black body

spectral energy density curve at two different temperatures, 700K (blue) and 3000K

(red). The right plot in Figure 2-7 shows the resultant absorption length as a function

of temperature (𝛼(𝑇 ) from Equation (2.7)) with a regression fit using a summation

of five Gaussian functions:

𝛼(𝑇 ) ≈ 𝑎1 𝑒
−
(︁

𝑇−𝑏1
𝑐1

)︁2

+ · · · + 𝑎5 𝑒
−
(︁

𝑇−𝑏5
𝑐5

)︁2

(2.9)

where 𝑎𝑖, 𝑏𝑖, and 𝑐𝑖 are regression coefficients shown in Table 2.4, calculated using

the MatlabTM function cftool with bisquare weights for robustness (Adjusted R2 =

0.9997). These coefficients were used for all three types of lunar regolith in the MRE

reactor model.

Table 2.4: The coefficients for the optical absorption length model (Equation (2.9)).

Gauss 1 Gauss 2 Gauss 3 Gauss 4 Gauss 5
a𝑖 465 -0.650 163 0.325 1.45
b𝑖 -3670 200 528 175 150
c𝑖 5040 4.69 905 4.40 3.54
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The trends in the right-hand plot in Figure 2-7 reveal that the absorption length

decreases at higher temperatures. In the range of operation for an MRE reactor,

radiation in the molten region will travel on the order of 7 mm before being reab-

sorbed. The model presented here is based on absorption length data from molten

glasses and the uncertainty concerning the absorption length of actual lunar regolith

warrants further examination.
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Figure 2-7: (left) Absorption length data from Sibille and Dominguez [99] fit with
a step function (black solid line) overlaid with the Planck black body spectral en-
ergy density at two different temperatures (dashed lines). (right) The wavelength-
dependent step function was integrated over the Planck curve to calculate the average
absorption length as a function of temperature.

2.2.7 Current Efficiency

The current efficiency, defined as the ratio of the actual oxygen mass produced at the

anode to the theoretical mass predicted by Faraday’s law [39], is critical in determining

a realistic estimate of reactor current. A specific current efficiency was assigned to

each oxide specie in lunar regolith using experimental data [103, 100]. The oxide

species in lunar regolith are preferentially electrolyzed in the order of Gibbs Free

Energy of Formation – thus at any given point in time one particular oxide specie

will be the primary object of electrolysis with an associated current efficiency.

From experimental work conducted at MIT, the expected current efficiency while

electrolyzing iron-bearing molten mixtures is 30-60% [103] due to the redox cycling
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of multivalent iron ions [1]. As a conservative estimate, the lower bound of 30%

was used for FeO. A current efficiency of 50% was used for TiO2 due to a similar

redox cycling phenomena [22]. Na2O, P2O5 and MgO form gaseous Na, P, and Mg

when electrolyzed [103], which will likely recombine with some of the product O2

gas within or above the melt. This can produce a cyclic behavior, so an estimated

current efficiency of 50% was assigned to Na2O, P2O5 and MgO (though this affect

can be mitigated with an anode collection tube [103]). For all other species in lunar

regolith, a current efficiency of close to 100% can be expected [100]. As a conservative

estimate, a value of 95% was used.

2.2.8 Gibbs Free Energy & Enthalpy of Formation

The Gibbs Free Energy (∆G) of each specie describes the energy required to break

the oxide chemical bonds to form gaseous oxygen and the product metal or non-

metal. Similarly, the Enthalpy of Formation (∆H) for a given oxide specie describes

the energy required to electrolyze that specie in an isothermal manner. Data for

these two values for each oxide specie in lunar regolith was obtained from the NIST-

JANAF thermochemical tables [21], shown in Figure 2-8. Linear regression was used

generate temperature-dependent models for ∆G(T) and ∆H(T), shown by the solid

lines. Due to the fact that ∆G(T) and ∆H(T) often changed dramatically across the

phase change, the data was separated into solid and liquid data and the relevant data

set was used for the given operating temperature.
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Figure 2-8: The Gibbs Free Energy (left) and Enthalpy of Formation (right) for each
oxide specie in lunar regolith [21].
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Although the source data for Gibbs Free Energy and Enthalpy of Formation is

rooted in significant experimental work [21], the values will need to be adjusted based

on the relative concentration of each oxide in the molten core. Future work can address

this adjustment, though the effect is not anticipated to significantly change the model

power predictions.

2.2.9 Latent Heat of Melting/Fusion

The latent heat of melting depends on regolith composition and therefore regolith

type. The modal mineralogical distribution of plagioclase, olivine, pyroxene, and

ilmenite from Basu and Riegsecker [12] is presented in Table 2.5 along with the latent

heat of melting for each mineral from Richet and Bottinga [86]. To calculate the latent

heat of melting for each regolith type, the latent heat of melting for each mineral was

weighted by the molar fraction, the results of which are shown in bold in the bottom

row of Table 2.5.

Table 2.5: The modal mineralogical distributions for three types of lunar regolith [12],
used to weight the latent heat of melting for each mineral [86] in order to calculate
the latent heat of melting for each regolith type.

Molar Fraction (𝜒𝑖) Latent Heat of
Melting (kJ/mol)High-Ti Mare Low-Ti Mare Highlands

Plagioclase 0.2830 0.2875 0.7320 134.3
Olivine 0.0465 0.0880 0.0230 83.2
Pyroxene 0.5945 0.5890 0.2440 65.1
Ilmenite 0.0760 0.0355 0.0010 21.7

Latent Heat of
Melting (kJ/kg)

449.2 457.7 478.6

As shown in Table 2.5, the latent heat of melting for lunar regolith is around 450-

480 kJ/kg, depending on regolith type. These values compare well with the reported

value of 506 kJ/kg for a Diopside (Di) - Forsterite (Fo) - Anorthite (An) system

with Di:Fo:An = 49.0:7.5:43.5 wt% [64], which has a similar composition to lunar

regolith. These predictions are also similar to the value derived from Colozza [28]

of 400 kJ/kg (calculated by integrated the value of 1.429 kJ/kg-K over the melting

range of 1373-1653K: 1.429kJ/kg-K * (1653K − 1373K) = 400kJ/kg). It is worth
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noting that the values reported here are significantly higher than the value reported

for lunar simulant MLS-1 (161.2 kJ/kg) [87], although this value is for an average

sample size of 33.2 mg and the uncertainty on this value is unknown.

2.2.10 Miscellaneous Regolith Material Parameters

For the multiphysics model described below, the surface emissivity of lunar regolith

also played a role in determining how much heat was transferred from the regolith

bed to the upper reactor wall. The surface emissivity of lunar regolith was taken to

be 0.9 ([49]).

2.3 Regolith Throughput Requirements

A critical function in the MRE reactor model is calculating the amount of regolith

that needs to be processed to meet the given oxygen production level. The regolith

throughput requirement depends on the regolith feedstock type and the operating

temperature. The amount of oxygen extracted per kilogram regolith, termed the

“oxygen extraction efficiency” (𝜂𝑂2), was calculated as:

𝜂𝑂2 ≡
𝑚𝑂2

𝑚𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ

=
∑︁
𝑖

(𝑤𝑖)

(︂
𝑀𝑊𝑂2

𝑀𝑊𝑜𝑥𝑖𝑑𝑒,𝑖

)︂
(𝑟𝑚𝑜𝑙,𝑖)(𝑒𝑓𝑟𝑎𝑐,𝑖), (2.10)

where 𝑚𝑂2 is the mass of oxygen produced, 𝑚𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ is the mass of regolith processed,

𝑤𝑖 is the weight percent of oxide 𝑖 in lunar regolith, 𝑀𝑊𝑜𝑥𝑖𝑑𝑒,𝑖 is the molecular weight

of oxide specie 𝑖, 𝑟𝑚𝑜𝑙,𝑖 is the ratio of the number of moles of oxygen per mole oxide

𝑖 ( 𝑚𝑜𝑙𝑂2

𝑚𝑜𝑙𝑜𝑥𝑖𝑑𝑒
), and 𝑒𝑓𝑟𝑎𝑐,𝑖 is the fraction of oxide 𝑖 that is electrolyzed in each batch.

Equation (2.10) sums the contribution of each oxide together to determine the total

oxygen that can be extracted from lunar regolith, taking into account the fact that

one might not electrolyze all (or any) of a particular oxide via the term 𝑒𝑓𝑟𝑎𝑐,𝑖. It is

important to note that 𝑒𝑓𝑟𝑎𝑐,𝑖 was set to a maximum of 0.95 for all species to account

for the fact that when the concentration of a particular specie becomes too low, the

specie will no longer be preferentially electrolyzed in favor of more abundant species.
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The weight percent (𝑤𝑖) of each specie naturally depends upon the regolith type, as

detailed in Section 2.2.1.

The fraction of each specie that is electrolyzed (𝑒𝑓𝑟𝑎𝑐,𝑖) is dependent upon the

operating temperature, because the melting temperature of the molten region gen-

erally increases as the composition changes throughout the electrolysis process. For

a number of points throughout the batch electrolysis process, the liquidus tempera-

ture for the corresponding composition was derived using phase diagrams from Slag

Atlas [38]. This analysis begins after most of the FeO has been electrolyzed, because

the liquidus temperature through the entire FeO electrolysis (<1700K) is significantly

less than the operating temperatures considered in this study (>1850K). As depicted

in Figure 2-9, as electrolysis progresses the liquidus temperature first increases as the

silicates (SiO2) are reduced. After most of the silicates are electrolyzed, the reduc-

tion of MgO and TiO2 leads to a general decrease in liquidus temperature. Finally,

as Al2O3 is reduced the liquidus temperature first decreases and then increases to

2845K for a mixture primarily composed of CaO.

For a given operating temperature, electrolysis is allowed to progress until the

liquidus temperature approaches the operating temperature. A 50K safety margin

between the operating temperature and the liquidus temperature was used in this

MRE reactor model. As can be seen in Figure 2-9, for a temperature of 1900K, one can

electrolyze approximately 1/2 of the SiO2 (0.19 g O2 per kg regolith) before needing

to insert fresh regolith into the reactor. But if the temperature is raised to 2100K, one

can now electrolyze 5/6 of the SiO2 (0.25 g O2 per kg regolith). Temperatures above

2200K would open up the possibility of electrolyzing MgO, TiO2, and some amount of

Al2O3. Thus, higher operating temperatures increase the oxygen extraction efficiency

by allowing the reactor to extract more oxygen per kilogram regolith.

Because the composition of lunar regolith depends on regolith type (as described

in Section 2.2.1), the liquidus temperature curve depends on regolith type as well.

The curve shown in Figure 2-9 represents the curve for Low-Ti Mare, and the curves

for Low-Ti Mare, High-Ti Mare, and Highlands regolith are overlaid in Figure 2-10.

Perhaps the most interesting feature seen in Figure 2-10 is that although the liquidus
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temperature for Highlands regolith is initially higher than both Mare types, as the

silicates are electrolyzed the Mare liquidus temperature rises significantly above that

of the Highlands. This is due to the fact that Mare regolith has comparatively more

MgO while Highlands regolith has comparatively more Al2O3.

The oxygen extraction efficiency in Equation (2.10) was used to calculate the an-

nual mass of regolith required to meet a given oxygen production level. The required

amount of molten regolith in the central core for each batch (𝑚𝑟𝑒𝑔,𝑏𝑎𝑡𝑐ℎ) was then

calculated as:

𝑚𝑟𝑒𝑔,𝑏𝑎𝑡𝑐ℎ =
𝑚𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ

𝑛𝑏𝑎𝑡𝑐ℎ𝑒𝑠

=
𝑚𝑜𝑥𝑦𝑔𝑒𝑛/𝜂𝑂2

𝑛𝑏𝑎𝑡𝑐ℎ𝑒𝑠

, (2.11)

where 𝜂𝑂2 is the oxygen extraction efficiency from Equation (2.10) and 𝑛𝑏𝑎𝑡𝑐ℎ𝑒𝑠 is the

number of batches in a year, calculated as:

𝑛𝑏𝑎𝑡𝑐ℎ𝑒𝑠 =
𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛
𝑡𝑏𝑎𝑡𝑐ℎ

, (2.12)

where 𝑡𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 is the cumulative operating time for the reactor adjusted by duty

cycle, and 𝑡𝑏𝑎𝑡𝑐ℎ is the total batch time including any down time between batches.

2.4 Electrochemistry

2.4.1 Estimating Current

The MRE reactor model employs a number of equations to predict the electrochemical

performance of the reactor. Faraday’s law [39, 112], with an adjustment for the

expected current efficiency, was used to calculate the expected number of coulombs

required to produce the given mass of oxygen (𝑚𝑂2):

𝐶 = (𝑛𝑂2)

(︂
𝑛𝐹

𝜂𝐼

)︂
=

(︂
𝑚𝑂2

𝑀𝑊𝑂2

)︂(︂
𝑛𝐹

𝜂𝐼

)︂
, (2.13)

where 𝑛𝑂2 is the moles of oxygen in the given oxygen mass, 𝑛 is the number of

electrons required per diatomic oxygen molecule (=4), 𝐹 is Faraday’s constant, 𝜂𝐼 is

the average current efficiency (see Section 2.2.7), and 𝑀𝑊𝑂2 is the molecular weight
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of diatomic oxygen. Using Equation (2.10) to substitute for
(︁

𝑚𝑂2

𝑀𝑊𝑂2

)︁
and including

the oxide-specific current efficiencies in the summation yields:

𝐶 = (𝑚𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ)(𝑛𝐹 )
∑︁
𝑖

(𝑤𝑖)(𝑟𝑚𝑜𝑙,𝑖)(𝑒𝑓𝑟𝑎𝑐,𝑖)

(𝑀𝑊𝑜𝑥𝑖𝑑𝑒,𝑖)(𝜂𝐼,𝑖)
, (2.14)

where 𝑚𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ is the mass of regolith that needs to be processed to meet the given

oxygen production level, 𝑤𝑖 is the weight percent of oxide 𝑖 from Figure 2-2, 𝑟𝑚𝑜𝑙,𝑖

is the ratio of the number of moles of oxygen per mole oxide 𝑖 ( 𝑚𝑜𝑙𝑂2

𝑚𝑜𝑙𝑜𝑥𝑖𝑑𝑒
), 𝜂𝐼,𝑖 is the

current efficiency of oxide 𝑖, and 𝑒𝑓𝑟𝑎𝑐,𝑖 is the fraction of oxide 𝑖 that is electrolyzed

in each batch as discussed in Section 2.3.

Using the number of coulombs predicted by Equation (2.14), the average current

(𝐼𝑎𝑣𝑔) could be calculated:

𝐼𝑎𝑣𝑔 =
𝐶

(𝑡𝑏𝑎𝑡𝑐ℎ − 𝑡𝑓𝑒𝑒𝑑)
, (2.15)

where 𝑡𝑏𝑎𝑡𝑐ℎ is the total batch time and 𝑡𝑓𝑒𝑒𝑑 is the downtime in each batch when fresh

regolith is inserted. Although one can certainly envision operating an MRE reactor

semi-continuously while inserting fresh regolith and withdrawing molten metals, the

conservative assumption of a downtime of 5 min during each batch is made, during

which electrolysis is not performed.

2.4.2 Estimating Voltage

The reactor was designed to be operated in a constant power mode, in which the

power demand is spread evenly over time to minimize the required power system

size. To maintain a constant power level, the current is varied (with an average

value of 𝐼𝑎𝑣𝑔) throughout the batch as the voltage changes due to different species

being electrolyzed and the conductivity of the melt changing throughout the batch.

Thus, for species like FeO, which have a lower ∆𝐺 and increase melt conductivity, the

expected voltage will be lower than when electrolyzing other species, such as SiO2.

To maintain constant power, FeO will then be electrolyzed with a higher than average
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current. The ramifications of the constant power mode will be further discussed in

Section 2.5.3.

An estimate of the required voltage drop between the electrodes during the elec-

trolysis of oxide specie 𝑖 (∆𝑉𝑖) was calculated in a manner similar to that presented

in Haskin et al. [45]:

∆𝑉𝑖 = ∆𝑉𝑁𝑒𝑟𝑛𝑠𝑡,𝑖 + ∆𝑉𝑗𝑜𝑢𝑙𝑒−ℎ𝑒𝑎𝑡𝑒𝑑 + ∆𝑉𝑒𝑛𝑑𝑜𝑡ℎ𝑒𝑟𝑚𝑖𝑐,𝑖, (2.16)

where ∆𝑉𝑁𝑒𝑟𝑛𝑠𝑡,𝑖 is the Nernst potential required to reduce oxide i [45], ∆𝑉𝑗𝑜𝑢𝑙𝑒−ℎ𝑒𝑎𝑡𝑒𝑑

is the over-voltage required to offset the radiative heat loss to the environment and

the extra heating required to heat fresh regolith to the operating temperature, and

∆𝑉𝑒𝑛𝑑𝑜𝑡ℎ𝑒𝑟𝑚𝑖𝑐,𝑖 is the over-voltage required to generate enough heat to offset the en-

dothermic electrolysis reaction. Equation (2.16) is used to calculate the required

voltage to sustain thermal equilibrium as well as perform electrolysis. It is assumed

that the over-voltage need to maintain thermal equilibrium will be sufficient to drive

the reaction at a suitably fast rate.

The estimated voltage, 𝑉𝑖, is supplied by setting a certain electrode separation

(the 𝑖 · 𝑅𝑐𝑒𝑙𝑙 term from Haskin et al. [45]). As described later in Section 2.6, a

multiphysics simulation of an MRE reactor is utilized to determine exactly what

electrode separation is required to maintain thermal equilibrium.

2.4.3 Batch Profiles

The MRE reactor model also produces “batch profiles”, which are plots of the esti-

mated voltage and current throughout an entire batch to maintain a constant power

level. As electrolysis progresses, species are preferentially electrolyzed in the order of

increasingly negative ∆𝐺𝑖(𝑇 ) . Batch profiles for an operating temperature of 1950K

and 2250K are shown for High-Ti Mare regolith in Figure 2-11, including the Nernst

voltage (dashed orange line), and the total estimated voltage, 𝑉𝑖 (solid orange line).

An operating temperature of 1950K (left) allows all of the FeO to be electrolyzed

and approximately half of the SiO2 before the melt solidification temperature rises
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to within 50K of the operating temperature, as shown in Figure 2-9. An operating

temperature of 2250K enables a more complete electrolysis of lunar regolith, includ-

ing MgO, TiO2 and some Al2O3. Note that at this higher temperature ∆𝐺𝑖(𝑇 ) for

MgO actually rises above that of SiO2, meaning these two oxide species will likely

be electrolyzed concurrently – the incorporation of this phenomenon into the model

remains a topic for future work, especially with regards to the liquidus temperature

curves shown in Figures 2-9 and 2-10.
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Figure 2-11: The estimated voltage and current profiles over a single batch at an
operating temperature of 1950K (left) and 2250K (right), along with the primary
species being electrolyzed. The current is varied inversely with voltage to achieve
constant power operation.

2.4.4 Metal Production

Using the fraction electrolyzed (𝑒𝑓𝑟𝑎𝑐,𝑖) of each oxide in lunar regolith, the amount of

molten metal produced can also be calculated:

𝑚𝑚𝑒𝑡𝑎𝑙,𝑖 = (𝑚𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ)(𝑤𝑖)

(︂
𝑀𝑊𝑚𝑒𝑡𝑎𝑙,𝑖

𝑀𝑊𝑜𝑥𝑖𝑑𝑒,𝑖

)︂
(𝑒𝑓𝑟𝑎𝑐,𝑖), (2.17)

where 𝑚𝑚𝑒𝑡𝑎𝑙,𝑖 is the mass of a particular metal produced, 𝑚𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ is the mass of

regolith processed, 𝑤𝑖 is the weight percent of oxide 𝑖 in lunar regolith, 𝑀𝑊𝑚𝑒𝑡𝑎𝑙,𝑖 is

the molecular weight of the product metal 𝑖, and 𝑀𝑊𝑜𝑥𝑖𝑑𝑒,𝑖 is the molecular weight

of oxide 𝑖 reduced to produce the desired metal. To determine 𝑚𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ, one can use
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Equation (2.10) if oxygen is the primary product or Equation (2.17) if a particular

metal is the primary product.

2.5 Multiphysics Simulation

2.5.1 Simulation Motivation and Overview

The previous sections have laid out the framework for the MRE reactor model, but the

issue of molten regolith containment described in Section 1.2.1 must also be taken into

account. An MRE reactor must be carefully designed to enable the joule-heated, cold-

wall (JHCW) operation mode where the central molten regolith core is insulated by a

frozen layer of solid regolith. Molten lunar regolith is extremely corrosive and cannot

be contained for extended periods of time by traditional crucible materials [103], but

solid regolith provides an excellent “crucible” for the molten core and can enable

long-term operation [99].

Although JHCW operation is an elegant solution to the issue of molten regolith

corrosion, this complex electro-thermodynamic requirement imposes significant con-

straints on the geometry and thermal topology of an MRE reactor. Although assum-

ing a certain fraction of the regolith in the reactor is molten can provide a first-order

estimate, it is not of high enough fidelity to be compared to the models of other oxygen

extraction techniques. To provide higher fidelity designs, a multiphysics simulation

was developed using COMSOLTM.

2.5.2 Simulation Description

The reactor simulation includes chemical, electrodynamic and thermodynamic physics

because they are tightly coupled. The electrical conductivity of the molten core

strongly depends on temperature. However, this dependence is cyclic, as the tem-

perature depends on the resistive heating within the molten region, which strongly

depends on the electrical conductivity. Furthermore, although the Enthalpy of Forma-

tion of the reactor contains a weak temperature dependence, the Gibbs Free Energy
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contains a strong dependence - thus, the amount of endothermic heating required and

the Nernst voltage depend heavily on temperature. By modeling all three of these

physical phenomenon concurrently, the simulation can capture all of these dependen-

cies.

Figure 2-12 shows a cross-sectional side view of an MRE reactor design in the

multiphysics simulation. To generate the 3D reactor design, this 2D profile is rotated

around the axis of rotation (the dashed line to the left). An axis-symmetric simulation

was chosen over a full 3D simulation as it cut the computation time down by several

orders of magnitude. The simulation design includes an outer cylindrical shell and

an anode (top) and cathode (bottom) comprised of a cylindrical shaft and plate.

Conduction Radiation)in)Participating)Media Surface-to-Surface)Radiation

Current)StreamlinesSurface-to-Ambient)Radiation

Phase)change)region))
(951)confidence)interval)

Temperature
(K)

Phase)
(0=Molten)
(1=Solid)

Axis)of)
Revolution

Figure 2-12: A side view of the cross-section of the multiphysics simulation of a
cylindrical MRE reactor. The primary heat fluxes modeled are shown with different
colored arrows, scaled by the same factor.

There are four primary modes of heat transfer in the simulation: conduction

(the blue arrows in Figure 2-12), surface-to-surface radiation in the cavity above the

regolith bed (magenta arrows), radiation to ambient on the exterior surface of the

reactor (black arrows), and radiation in participating media (red arrows). Radiation
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in participating media models the emission, absorption, and scattering of radiation

within the high temperature translucent regolith [99]. The reactor was coated with

Multi-Layer Insulation (MLI) [41], resulting in an effective surface emissivity of 0.05.

The surface emissivity of the iridium anode was taken to be 0.3 [18]. All arrows in

Figure 2-12 are logarithmically scaled by the same factor to allow for comparison

between the various modes of heat transfer.

The endothermic nature of the electrolysis reaction, linked to the difference be-

tween the Gibbs Free Energy and Enthalpy of Formation (∆𝐻 − ∆𝐺), was modeled

by introducing an additional heat sink in the central molten region. Although this

value will change over time with the oxide that is preferentially being electrolyzed,

the simulation is for a steady-state reactor and thus steady-state heat sink must be

used. The average heatsink due to the endothermic electrolysis reaction (𝑄̇𝑒𝑛𝑑𝑜𝑡ℎ𝑒𝑟𝑚𝑖𝑐)

was calculated as:

𝑄̇𝑒𝑛𝑑𝑜𝑡ℎ𝑒𝑟𝑚𝑖𝑐 ≡ (𝑛̇𝑂2) 𝑎𝑣𝑔[∆𝐻 − ∆𝐺] = (𝑛̇𝑂2)
∑︁
𝑖

(∆𝐻𝑖(𝑇 ) − ∆𝐺𝑖(𝑇 ))

(︂
𝑐𝑖(𝑇 )

𝐶

)︂
,

(2.18)

where 𝑛̇𝑂2 is the average molar oxygen production rate (mols/sec), 𝑐𝑖(𝑇 ) is the number

of coulombs used to electrolyze oxide specie i during a single batch, and 𝐶 is the

total number of coulombs used in a single batch from Equation (2.14). The left plot

in Figure 2-13 shows the endothermic heat sink for High-Ti Mare as a function of

operating temperature and average current. Equation (2.18) was not directly used in

the multiphysics model, due to inaccessibility to several of the variables from within

the multiphysics simulation. Rather, the data generated by Equation (2.18) was

fit with a piecewise third-order polynomial regression model and integrated into the

multiphysics simulation.

A second heat sink was integrated into the multiphysics simulation to capture the

effect of periodically (or continuously) inserting fresh regolith in the reactor. The

reactor model assumes that fresh solid regolith will start around 300K and will be

partially preheated by exposing the fresh regolith to some of the heat loss from the

reactor. This preheating step will bake off many of the volatiles observed in the
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Figure 2-13: The predicted heat sinks due to the endothermic electrolysis reaction
(left) and required power to heat fresh regolith feedstock (right) as a function of
reactor operating temperature and current for High-Ti Mare.

Apollo samples, including H2O, CO2, N2, and He [77], as well as some amount of

the Na2O and K2O present in lunar regolith, which would somewhat simplify the

electrolysis process. Although the regolith will be partially preheated, it was still

require additional heating to reach the molten state and operating temperature. Thus,

the preheated regolith will be inserted into the molten core and will then be heated

to a molten state through heat transfer with the surrounding molten regolith. As a

first-order estimate, it was assumed that half of the heating power would be provided

by joule-heating in the reactor core:

𝑄̇𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ−ℎ𝑒𝑎𝑡𝑖𝑛𝑔 =
1

2

∫︁ 𝑇𝑜𝑝

300𝐾

𝐶𝑝(𝑇 ) 𝑑𝑇 , (2.19)

where 𝑇𝑜𝑝 is the operating temperature and 𝐶𝑝(𝑇 ) is shown in Section 2.2.3. As

discussed later in Section 2.6.5, 100% of the regolith heating power is included in the

total power estimate, but for the thermal modeling of the reactor it is assumed that

half of the heating power is done by a preheater prior to inserting fresh regolith into

the reactor core. Thus, there is a factor of 1
2
in front of the integral in Equation (2.19)

but not in Equation (2.29).

The right plot in Figure 2-13 shows the heat sink related to the regolith heating

power, which actually decreases at higher operating temperatures. Although the

amount of heat per kilogram regolith increases with operating temperature, this effect
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Figure 2-14: The temperature (left) and voltage (right) profiles generated by the
multiphysics simulation for a given reactor design. Current lines are shown in red
and the phase boundary is shown in black.

is apparently outweighed by the decreased regolith throughput requirement as a result

of the increase in oxygen extraction efficiency at higher operating temperatures. This

effect is described in more detail in Section 2.3.

The simulation generates both temperature and voltage profiles of the reactor as

shown in Figure 2-14. The black border in the reactor indicates the phase boundary

between the inner molten regolith and the outer solid regolith. Current streamlines

through the central molten region are depicted in red and are primarily limited to

the central region. Due to the fact that a continuous curve was used to model the

electrical conductivity of lunar regolith (see Section 2.2.5), the electrical conductivity

of solid regolith was modeled slightly higher than reality for the sake of dramatically

decreasing model convergence time. This resulted in some small fictitious amount of

current traveling beyond the phase boundary through solid regolith, but this “over-

flow” current was typically less than 0.1% of the total current passing through the

reactor.

The multiphysics simulation was also used to measure several performance metrics

for each reactor design. The heat loss was calculated by integrating the net radiative

heat flux from the outer surface. The operating voltage was measured between the

anode and cathode plates. The operating temperature was calculated as the average

temperature within the molten region weighted by current density.
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2.5.3 Constant Power Mode

As mentioned in Section 2.4.2, during conceptual operation of the reactor the voltage

and current are varied inversely to achieve constant power consumption. For instance,

the predicted operating voltage (see Equation (2.16)) is around 1.85 V for FeO and

3.45 V for SiO2. The respective operating current for these two species is 1300 A

and 700 A. Both of these operating conditions result in a power consumption of

approximately 2.4 kW.

This constant power consumption is important for two reasons. First, it reduces

the required power system size by minimizing peak power consumption. Second, it

means that regardless of which oxide specie is currently being reduced, the reactor

should behavior similarly from a thermal perspective. This is not strictly true, it

is actually the over-potential multiplied by current which should remain constant

throughout operation because the minimal Nernst voltage only goes towards electrol-

ysis, not generating heat. Thus, operating in a constant total power mode will result

in some small variations in the total heat generated within the reactor as different

species are electrolyzed, but will reduce the peak power load and resultant power

system size. Future work will have to address the impact of this operating mode in

more detail.

2.6 Using the Simulation to Guide Reactor Design

There are five criteria that must be met by the MRE reactor design. The first two,

molten mass within the reactor and current through the reactor, are derived from

the oxygen production level using Equations (2.10) and (2.15), respectively. The

third and fourth, operating temperature and maximum wall temperature, are set as

model inputs. The maximum wall temperature, when set to less than the melting

temperature of regolith, ensures that the reactor can support joule-heated, cold-wall

operation (see Section 1.2.1). The fifth criteria is the design margin (described in

Section 2.6.3), which dictates the amount of operational flexibility in a given design.

To meet these five performance criteria, the reactor diameter, wall thermal conduc-
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tivity, and electrode separation must be carefully designed. This section presents a

novel design methodology developed to address this design challenge.

2.6.1 Effects of Molten Mass and Operating Temperature: The

Cutoff Line

Over 100,000 reactor designs (consisting of unique combinations of reactor diameter,

electrode separation, wall thermal conductivity, and current) were evaluated using the

multiphysics simulation to generate a database of the associated performance char-

acteristics (molten mass within the reactor, operating temperature, maximum wall

temperature, and whether or not the joule-heated cold-wall condition was satisfied).

Figure 2-15 shows a sample of the data for the mass of molten regolith in the reactor

(left) and operating temperature (right) from the 100,000 designs evaluated using

the multiphysics simulation. Both plots illustrate how the diameter and electrode

separation affect the molten mass and operating temperature in a reactor for a fixed

current of 2000 A and wall thermal conductivity of 5.0 W/m-K.
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Figure 2-15: The molten mass in an MRE reactor (left) and the operating tempera-
ture (right) depend on reactor diameter and electrode separation. Red X’s indicate
infeasible designs in which the side wall temperature gets too close to the melting
temperature of regolith (1500K).

The molten mass on the left of Figure 2-15 first rises with the diameter squared

because the reactor interior is completely filled with molten regolith. Around a diam-
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eter of 0.5 m to 1.0 m (for electrode separations between 1 cm and 9 cm, respectively),

an inflection point occurs where the molten mass reaches a maximum value and then

begins to decrease with diameter. In this region of the design space, solid regolith oc-

curs around the outer wall of the reactor, decreasing the mass of molten regolith in the

reactor. Beyond this inflection point, the molten mass decreases as reactor diameter

increases. This is because there is now more surface area to radiate the resistive heat

generated in the reactor core, so the outer surface can now be at a lower temperature

while still radiating the required amount of heat. This temperature drop is inversely

proportional to the fourth root of the outer surface area
(︀
𝑇𝑜𝑢𝑡 ∝ (𝐷2 + 𝐷)−1/4

)︀
, by

the Stefan-Boltzmann law. The drop in outer surface temperature creates a steeper

temperature gradient in the reactor, which decreases the total molten mass in the

reactor. Conversely, as diameter increases, the distance between the central molten

core and the outer wall increases, which creates a less steep thermal gradient. This ef-

fect is apparently outweighed by the drop in outer wall temperature described above.

Thus, as the diameter increases beyond the inflection point, the temperature profile

in the reactor drops more quickly away from the inner core temperature, reducing the

amount of molten mass in the reactor as shown in Figure 2-15.

Data points in Figure 2-15 with a red “X” overlaid represent infeasible designs,

in which the layer of solid regolith insulating the molten core becomes too thin or

nonexistent. Three different cutoff values were tested for identifying when this oc-

curred: when the wall temperature was above 1200K, 1300K, or 1400K. The data in

Figure 2-15 uses a cutoff value of 1400K to identify infeasible designs with too high of

a wall temperature. A comparison of the three different cutoff values is provided in

Section 2.7.2. The melting temperature of regolith is around 1500K [49], so all three

cutoff values provide a factor of safety to ensure that no molten regolith touches the

wall. Due to the fact that molten metal will pool at the bottom of the reactor and

insulate the reactor wall from the molten regolith, temperatures in excess of 1500K

were acceptable along the bottom wall.

The reactor design is chosen using the line that separates the infeasible designs (the

red “X” region) from the feasible designs, termed the “cutoff line” shown in Figure 2-
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15. The choice to design reactors on the cutoff lines was made after an initial analysis

revealed that those designs had the lowest heat loss per kilogram molten regolith

within the reactor. For more details on the justification of designing on the cutoff

line, see Appendix A. By designing on the cutoff lines there is a one-to-one mapping

between reactor diameter and electrode separation. As can be seen in the left-hand

plot in Figure 2-15, as the reactor diameter increases the electrode separation must

also increase (moving from the green lines towards the black ones) in order to stay

on the cutoff line. Designing on the cutoff line provides a method for scaling up

the diameter and electrode separation of a reactor while still maintaining the joule-

heated, cold-wall constraint in which solid regolith insulates the reactor walls from the

molten core. Of course, one could simply increase reactor diameter without increasing

electrode separation, but this in fact results in less efficient reactors that lose more

heat per kilogram molten mass in the reactor (see Appendix A).

It is critical to note that the cutoff lines illustrated in Figure 2-15 are for a fixed

current of 2000 A and a wall conductivity of 5.0 W/m-K. The cutoff lines are also

depend on the current and wall thermal conductivity. Figure 2-16 demonstrates

how the reactor current affects the cutoff lines. The top three rows of plots depict

cutoff lines for three different reactor currents with a constant value of wall thermal

conductivity. The bottom plot in Figure 2-16 shows the cutoff lines from the top

three rows, along with several other reactor current values, compiled onto a single

plot, where the color of each line in the bottom plot now represents a different reactor

current. Reactor current has a minimal affect on the molten mass within the reactor,

as observed in the bottom left plot in Figure 2-16. As the reactor current increases,

the mapping between reactor diameter and electrode separation changes (shown later

in Figure 2.6.4). Thus, although the data in the bottom left plot in Figure 2-16

indicates that the current has a minimal effect on the mass of molten regolith in the

reactor, this is achieved by reducing the electrode separation as current increases.

Conversely, operating temperature exhibits a direct increase with reactor current.

This is undoubtedly due to the fact that as reactor current increases, the resistive

heating within the molten core also increases to generate higher temperatures.
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All of the data shown in Figures 2-15 and 2-16 are for reactor designs with a fixed

wall thermal conductivity. Intuitively, the cutoff lines are also affected by the wall

thermal conductivity, 𝑘𝑤𝑎𝑙𝑙, as shown in Figure 2-17. One clear effect of reducing

𝑘𝑤𝑎𝑙𝑙 is an increase in the reactor diameter required to contain a given mass of molten

regolith within the reactor. For instance, a molten mass of 4 kg can either be met

by a reactor with (𝐷 = 0.8m and 𝑘𝑤𝑎𝑙𝑙 = 5.0 W/m-K) or (𝐷 = 2.0m and 𝑘𝑤𝑎𝑙𝑙 =

0.05 W/m-K). The operating temperature also displays a noticeable decrease with

decreasing wall thermal conductivity.
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Figure 2-17: The molten mass (left) and operating temperature (right) for reactors
on the “cutoff line” between infeasible and feasible designs. Each line represents a
different wall thermal conductivity and a current of 500 A. Increasing the wall thermal
conductivity decreases molten mass in the reactor and operating temperature.

2.6.2 Bounds on Reactor Diameter

The cutoff line plot at the bottom of Figure 2-16 proves useful for defining bounds

on the reactor design and is shown in more detail in Figure 2-18. Succinctly, 1) the

molten mass requirement sets a minimum feasible reactor diameter, 𝐷𝑚𝑖𝑛, 2) the

operating temperature sets a maximum feasible reactor diameter, 𝐷𝑚𝑎𝑥, and 3) 𝐷𝑚𝑎𝑥

and 𝐷𝑚𝑖𝑛 depend on the current in the reactor and the thermal conductivity of the

reactor wall.

As can be seen in Figure 2-18, the cutoff line represents the minimal reactor di-
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designs. Each line represents a constant value for current and a wall thermal conduc-
tivity of 5 W/m-K. The minimum and maximum diameter bounds, resulting from
the molten mass and operating temperature constraints respectively, are depicted.

ameter (for a fixed wall thermal conductivity and current) that can meet the required

amount of molten mass in the reactor while ensuring that no molten regolith touches

the reactor wall. As shown in Figure 2-15, decreasing the reactor diameter (to the

left of the cutoff line) crosses into the infeasible region, meaning that molten regolith

will touch the reactor wall.

The cutoff line displays the opposite trend in the operating temperature data

shown in the right-hand plot in Figure 2-18. Here the cutoff line represents the

maximum diameter that satisfies the desired operating temperature (for a fixed wall

thermal conductivity and current) while ensuring that no molten regolith touches the

reactor wall. As shown in Figure 2-15, increasing the diameter to the right of the

cutoff line crosses into the infeasible region, meaning that molten regolith will touch

the reactor wall.

As an example, consider a scenario in which 40 kg of molten mass in the reactor and

a current of 2000 A are required. An examination of the left-hand plot in Figure 2-18
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reveals that this sets a minimum reactor diameter of about 1.2 m. More generally, the

molten mass requirement imposes a certain minimum diameter on the reactor, and

because there is a one-to-one mapping between diameter and electrode separation, the

molten mass requirement also intuitively imposes a minimum electrode separation.

Naturally, the diameter can be increased above this minimum threshold to design a

reactor with more than sufficient molten mass inside.

From the data shown on the right of Figure 2-18, the operating temperature

imposes a maximum feasible reactor diameter. In the MRE reactor model, the user

inputs a desired operating temperature. As an example, consider a scenario where the

user desires an operating temperature of 2200 K and the desired oxygen production

level imposes a required current of 2000 A. An examination of the right-hand plot in

Figure 2-18 reveals that these requirements impose a maximum feasible diameter of

about 1.4 m, which again corresponds to a maximum electrode separation (discussed

further in Section 2.6.4).

All of the cutoff line data (of which only a small portion is shown in Figures 2-

15 through 2-18) were fit with multivariate, nonlinear regression equations using

MatlabTM. That is, a set of regression equations were created that can predict the

expected molten mass (𝑀𝑀) and operating temperature (𝑇𝑜𝑝) for a given reactor

diameter (𝐷), current (𝐼) and wall thermal conductivity (𝑘𝑤𝑎𝑙𝑙):

𝑀𝑀 = 𝑓(𝐷, 𝐼, 𝑘𝑤𝑎𝑙𝑙) = 𝐼𝑚6 𝑚4 exp

⎛⎝ 𝑚1 (𝐷 −𝑚5)

𝐼𝑚3

(︁
𝑚2 + 1

𝑘𝑤𝑎𝑙𝑙+0.15

)︁
⎞⎠ , and (2.20)

𝑇𝑜𝑝 = 𝑓(𝐷, 𝐼, 𝑘𝑤𝑎𝑙𝑙) = 𝑡1 + 𝐼 𝑡5 𝑡2 exp

⎛⎝− 𝑡3 (𝐷 − 𝑡7)

𝐼 𝑡6
(︁

1 + 𝑡4
𝑘𝑤𝑎𝑙𝑙+0.15

)︁
⎞⎠ , (2.21)

where 𝑚𝑖 and 𝑡𝑖 are regression coefficients which depend upon the type of regolith

being electrolyzed and the maximum allowable wall temperature. These coefficients

are presented in Tables C.1 and C.2 in Appendix C.

Although the fits in Equations (2.20) and (2.21) are largely empirical, the de-

pendence upon the thermal conductivity of the reactor wall does have some roots in
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an analytical approximation presented in Appendix B. Note that, by designing on

the cutoff lines, the electrode separation has a one-to-one mapping with the reactor

diameter, so it is not a free parameter but rather ∆𝑒 = 𝑓(𝐷, 𝐼, 𝑘𝑤𝑎𝑙𝑙). This is further

discussed in Section 2.6.4.

Equations (2.20) and (2.21) can be algebraically manipulated to derive expressions

for the minimum and maximum diameter bounds illustrated in Figure 2-18:

𝐷𝑚𝑖𝑛 = 𝑚5 +
𝐼𝑚3

(︁
𝑙𝑜𝑔
(︁

𝑀𝑀
𝑚4

)︁
−𝑚6 𝑙𝑜𝑔(𝐼)

)︁ (︁
𝑚2 + 1

𝑘𝑤𝑎𝑙𝑙 +0.15

)︁
𝑚1

, and (2.22)

𝐷𝑚𝑎𝑥 = 𝑡7 −
𝐼 𝑡6 𝑙𝑜𝑔

(︁
𝑇𝑜𝑝−𝑡1
𝐼𝑡5 𝑡2

)︁ (︁
𝑡4

𝑘𝑤𝑎𝑙𝑙+0.15
+ 1
)︁

𝑡3
(2.23)

It is important to note that this step in the MRE model construction imposes the

constraint that the regression equations for the molten mass and operating temper-

ature must be invertible with respect to the diameter (𝐷). If this condition is not

met, a closed-form solution for 𝐷𝑚𝑎𝑥 and 𝐷𝑚𝑖𝑛 cannot be obtained.

2.6.3 Ensuring Operational Flexibility: The Design Margin

In Equations (2.22) and (2.23), the only free design parameter is the thermal conduc-

tivity of the wall; 𝑇𝑜𝑝 is set by the user, 𝑀𝑀 = 𝑚𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ from Equation (2.10), and

𝐼 = 𝐼𝑎𝑣𝑔 from Equation (2.15). The wall conductivity must be chosen such that the

diameter bounds are not reversed (i.e. 𝐷𝑚𝑖𝑛 ̸> 𝐷𝑚𝑎𝑥). To quantitatively control this

requirement, a new variable was introduced, termed the “design margin” (Φ):

Φ ≡ 𝐷𝑚𝑎𝑥(𝑇𝑜𝑝, 𝐼, 𝑘𝑤𝑎𝑙𝑙)

𝐷𝑚𝑖𝑛(𝑀𝑀, 𝐼, 𝑘𝑤𝑎𝑙𝑙)
, (2.24)

which represents the ratio of the maximum diameter bound to the minimum diameter

bound. Imposing the constraint that Φ ≥ 1 ensures that the diameter bounds are

properly ordered and Φ = 1 corresponds to diameter bounds that are equal, in which

only a single value for reactor diameter results in a feasible design.
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By substituting Equations (2.22) and (2.23) into Equation (2.24), a closed-form

expression for the required wall thermal conductivity can be derived (shown in Equa-

tion (2.25)) that 1) satisfies the molten mass and operating temperature constraints

2) sets the maximum and minimum diameter bounds within a certain range of one

another as specified by the design margin, 3) facilitates the joule-heated, cold-wall

condition (no molten regolith touches the reactor wall), and 4) ensures that the re-

actor can support the required current:

𝑘𝑤𝑎𝑙𝑙 = −
𝐼 𝑡6 𝑚1 𝑡4 𝑙𝑜𝑔

(︁
𝑇𝑜𝑝−𝑡1
𝐼𝑡5 𝑡2

)︁
+ 𝐼𝑚3 Φ 𝑡3 𝑙𝑜𝑔

(︁
𝑀𝑀
𝑚4

)︁
− 𝐼𝑚3 Φ𝑚6 𝑡3 𝑙𝑜𝑔(𝐼)

𝛽
,

𝑤ℎ𝑒𝑟𝑒 𝛽 ≡ 𝐼 𝑡6 𝑚1 𝑙𝑜𝑔

(︂
𝑇𝑜𝑝 − 𝑡1
𝐼 𝑡5 𝑡2

)︂
−𝑚1 𝑡3 𝑡7 + Φ𝑚1𝑚5 𝑡3 . . .

. . . + 𝐼𝑚3 Φ𝑚2 𝑡3 𝑙𝑜𝑔

(︂
𝑀𝑀

𝑚4

)︂
− 𝐼𝑚3 Φ𝑚2𝑚6 𝑡3 𝑙𝑜𝑔(𝐼) − 0.15,

(2.25)

where again, 𝑚𝑖 and 𝑡𝑖 are regression coefficients given in Tables C.1 and C.2 in

Appendix C.

To parametrically design an MRE reactor, the first step is to pick a design margin

(Φ ≥ 1) and then use Equation (2.25) to find the appropriate wall thermal conduc-

tivity. As mentioned in Section 2.6.6, although the thermal conductivity of the wall

is considered a design variable in this methodology, in the MRE reactor model the

desired 𝑘𝑤𝑎𝑙𝑙 in Equation (2.25) is translated into a wall thickness with real refractory

and insulation materials, as well as a required number of MLI layers, to provide a

thermal resistance equivalent to the 3 cm thick wall in the COMSOLTM model with

the desired 𝑘𝑤𝑎𝑙𝑙 in Equation (2.25).

2.6.4 Designing a Feasible Range of Electrode Separations

By selecting designs on the cutoff lines illustrated in Figure 2-15, there is a one-

to-one mapping between reactor diameter and electrode separation, which depends

on current and the wall thermal conductivity. The following multivariate, nonlinear
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Figure 2-19: The required electrode separation for a given reactor diameter. The
electrode curve is affected by current (left) and wall thermal conductivity (right).
A regression model, illustrated by the solid line, was fit to the multiphysics data,
depicted by the data points connected by dashed lines (R2=0.975, RMSE=0.0032 m).

regression equation was fit to the data from the multiphysics simulation:

∆𝑒 = 𝑒1 𝐼
𝑒8 (𝑘𝑤𝑎𝑙𝑙)

𝑒7 exp

⎛⎝ 𝑒3 (𝐷 − 𝑒2)

𝐼𝑒5
(︁

𝑒4
𝑘𝑤𝑎𝑙𝑙

+ 1
)︁𝑒6
⎞⎠ , (2.26)

where 𝑒𝑖 are regression coefficients presented in Table C.3 in Appendix C.

Equation (2.26) was fit to the data from the multiphysics simulation to develop

a model that predicted the required electrode separation as a function of the other

reactor design parameters. This regression equation is plotted in Figure 2-19 against

a small sample of the data from the multiphysics simulation. As shown in Equa-

tion (2.26) and Figure 2-19, the electrode separation exhibits an exponential increase

with reactor diameter. From a practical design standpoint, this means that to scale

up an MRE reactor to a larger diameter, the required electrode separation should

also increase according to Equation (2.26).

One intuitive finding from the left-hand plot in Figure 2-19 is the relationship

between current and electrode separation to achieve joule-heated cold-wall operation.

For a fixed reactor diameter, as current increases (moving downwards from the green

line towards the black line) the required electrode separation decreases to ensure that

the reactor does not generate too much heat and violate the cold-wall constraint.
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Similarly, in the right-hand plot we see that as the reactor walls become less ther-

mally conductive (moving from the red line to the green line) the required electrode

separation also decreases to avoid generating too much heat in the reactor core.

As presented in Section 2.6.2 the bounds on the reactor diameter translate directly

into bounds on the electrode separation as well. This is critical, as in the actual

operation of an MRE reactor, one will desire to change the separation between the

electrodes to provide control over the voltage and current running through the reactor.

2.6.5 Estimating Reactor Power and Operating Voltage

With the reactor design deterministically set using the scaling equations in the pre-

ceding sections, the total power must be calculated. As shown in Figure 2-1, the total

power is estimated using the sum of four different terms:

𝑃𝑡𝑜𝑡𝑎𝑙 = 𝑄̇ℎ𝑒𝑎𝑡-𝑙𝑜𝑠𝑠 + 𝑄̇𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ-ℎ𝑒𝑎𝑡𝑢𝑝 + 𝑃(Δ𝐺) + 𝑄̇𝑒𝑛𝑑𝑜𝑡ℎ𝑒𝑟𝑚𝑖𝑐. (2.27)

Each of these four terms are detailed in the next four sections.

Radiative Heat Loss (𝑄̇ℎ𝑒𝑎𝑡-𝑙𝑜𝑠𝑠)

The radiative heat loss to the environment (𝑄̇ℎ𝑒𝑎𝑡-𝑙𝑜𝑠𝑠) was measured for each design

in the multiphysics simulation. As shown on the left-hand plot in Figure 2-20, the

current does not significantly affect the heat loss for a fixed diameter reactor, but

this is for a reactor designed on the cutoff lines. Designing on the cutoff lines causes

the electrode separation to decrease as current increases to maintain the joule-heated,

cold-wall constraint, as shown in Figure 2-19. This decrease in electrode separation

appears to work towards maintaining a constant heat loss. From Figure 2-20, we see

that for a fixed diameter, the thermal topology required by the joule-heated, cold-

wall condition imposes a certain heat loss on the reactor which does not significantly

depend on the current.

Conversely, the heat loss does appear to depend significantly on the wall thermal

conductivity, with a lower wall thermal conductivity intuitively resulting in a lower
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Figure 2-20: The heat loss does not significantly depend on current (left), but is
affected by wall thermal conductivity (right) when designing on the cutoff lines. A
nonlinear regression model (solid lines) was fit to the data from a multiphysics simu-
lation (dots with dashed lines) with R2=0.997, RMSE=0.51kW.

heat loss. The observed decrease in heat loss with decreasing wall thermal conductiv-

ity is a direct result of the decrease in electrode separation observed in Figure 2-19.

The heat loss data from the multiphysics simulation were fit with a multivariate,

nonlinear regression model as shown in Figure 2-20 (R2=0.997, RMSE=0.51kW). The

dashed line and data points in Figure 2-20 show data generated by the multiphysics

simulation and the solid lines show the predictions of the regression models:

𝑄̇ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠 = ℎ1

⎛⎝ exp
(︁

ℎ2

𝐷+ℎ3

)︁
ℎ4 + 1

𝑘𝑤𝑎𝑙𝑙−ℎ6

⎞⎠+ ℎ5 𝑘𝑤𝑎𝑙𝑙 (2.28)

where ℎ𝑖 are regression coefficients given in Table C.4 in Appendix C. These coeffi-

cients depend upon the Regolith type and the maximum wall cutoff temperature.

Regolith Heating Power (𝑄̇𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ−ℎ𝑒𝑎𝑡𝑢𝑝)

The power required to heat the regolith from ambient temperature (∼300K) to the

operating temperature, is calculated as:

𝑄̇𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ−ℎ𝑒𝑎𝑡𝑢𝑝 = 𝑚̇𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ

(︂∫︁ 𝑇𝑜𝑝

300𝐾

𝐶𝑝(𝑇 ) 𝑑𝑇 + 𝐿

)︂
, (2.29)
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where 𝑚̇𝑟𝑒𝑔𝑜𝑙𝑖𝑡ℎ is the average regolith flow rate into the reactor, 𝐶𝑝(𝑇 ) (Section 2.2.3),

and 𝐿 is the latent heat of melting (Section 2.2.9). It is important to note that in

contrast to Equation (2.19), which describes the regolith heating that must occur in

the core of the reactor, there is no factor of 1
2
in front of the integral in Equation (2.29).

For the purposes of thermally modeling the reactor in the multiphysics simulation,

our model assumes that a preheater will provide half of the heating power prior to

inserting fresh regolith into the reactor and that the reactor itself must supply the

rest of the heating requirement via joule-heating in the reactor core. For the purposes

of total power accounting, the entirety of the regolith heating requirement must be

included.

Endothermic Makeup Heat (𝑄̇𝑒𝑛𝑑𝑜𝑡ℎ𝑒𝑟𝑚𝑖𝑐)

The heat required to offset the endothermic electrolysis reaction is related to the

difference between the Enthalpy of Formation and Gibbs Free Energy (∆𝐻 − ∆𝐺).

Although the calculation for the endothermic heating power is presented in Equa-

tion 2.18, it is shown again here for completeness:

𝑄̇𝑒𝑛𝑑𝑜𝑡ℎ𝑒𝑟𝑚𝑖𝑐 ≡ (𝑛̇𝑂2) 𝑎𝑣𝑔[∆𝐻 − ∆𝐺] = (𝑛̇𝑂2)
∑︁
𝑖

(∆𝐻𝑖(𝑇 ) − ∆𝐺𝑖(𝑇 ))

(︂
𝑐𝑖(𝑇 )

𝐶

)︂
,

(2.30)

where 𝑛̇𝑂2 is the average molar oxygen production rate (mols/sec), 𝑐𝑠𝑝𝑒𝑐𝑖𝑒,𝑖(𝑇 ) is the

number of coulombs used to electrolyze oxide specie 𝑖 during a single batch, and 𝐶 is

the total number of coulombs used in a single batch from Equation (2.14).

Chemical Electrolysis Power (𝑃Δ𝐺)

The electrical power required to perform the electrolysis chemical reaction is directly

related to the Gibbs Free Energy (∆𝐺):

𝑃Δ𝐺 = (𝑛̇𝑂2)𝑎𝑣𝑔[∆𝐺], (2.31)
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where 𝑎𝑣𝑔[∆𝐺] is the current-averaged Gibbs Free Energy value over all species elec-

trolyzed and 𝑛̇𝑂2 is the average oxygen molar production rate (mol/s).

Operating Voltage

The operating voltage was also evaluated for each design generated by the multi-

physics simulation. Equation (2.32) shows the regression equation used to fit the

voltage data (R2=0.987, RMSE=0.64V).

𝑉 =
1

𝐼

⎛⎝𝑣1 exp
(︁

𝑣2
𝐷+𝑣3

)︁
𝑣4 + 1

𝑘𝑤𝑎𝑙𝑙−𝑣6

+ 𝑣5 𝑘𝑤𝑎𝑙𝑙

⎞⎠ , (2.32)

where 𝑣𝑖 are regression coefficients presented in Table C.5 in Appendix C, which de-

pend upon Regolith type and the maximum wall cutoff temperature. The form for

this equation was taken directly from the regression equation for heat loss (Equa-

tion (2.28)), with the addition of the term 1
𝐼
to incorporate the expected relation of

𝑄̇ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠 ∝ 𝐼𝑉 for joule heating.

2.6.6 Estimating Reactor Mass

Using the methodology described in Section 2.6.2, a reactor design was generated

that satisfied the oxygen production level, the target operating temperature, and the

joule-heated cold-wall constraint. This section describes how the mass of a given

reactor design is estimated in the MRE reactor model.

Determining Wall Thickness and MLI Design

Although the desired reactor wall thermal conductivity is calculated in Equation (2.25),

in the design of a real MRE reactor, the wall material and thickness are design param-

eters rather than wall thermal conductivity. In the MRE reactor model, the insulation

and refractory materials are set by user input. A thickness ratio of 𝜆:1 is used (insu-

lation:refractory) to ensure that sufficient refractory material is used, while relying on

the less dense insulation material to provide the bulk of the thermal insulation. For
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this work 𝜆 = 3 was used on the reactor bottom and side walls and 𝜆 = 6 was used

on the reactor top, as the contact with the molten regolith is assumed to be minimal

on the roof of the reactor. With the thickness ratio, an effective thermal conductivity

(𝑘𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒) for the combined two layers can be calculated:

𝑘𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 =

(︂(︂
𝜆

(𝜆 + 1)𝑘𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛

)︂
+

(︂
1

(𝜆 + 1)𝑘𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦

)︂)︂−1

, (2.33)

where 𝑘𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦 and 𝑘𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 are the thermal conductivities of the refractory and

insulation layers, respectively. Note that Equation (2.33) does not include the thermal

resistance of the outer structural shell, as it is negligible compared to the insulation

and refractory layers.

To translate the thermal design dictated by the COMSOL simulation into a real

reactor design, the total thermal resistance of the COMSOL reactor (𝑅𝑡ℎ-𝑡𝑜𝑡𝑎𝑙), from

the inner reactor wall to the ambient temperature of 298.15K, needed to be calculated:

𝑅𝑡ℎ-𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑡ℎ-𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 + 𝑅𝑡ℎ-𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛, (2.34)

where 𝑅𝑡ℎ-𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 is the thermal resistance from the inner reactor wall to the outer

reactor wall and 𝑅𝑡ℎ-𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 is the thermal resistance associated with radiating heat

from the reactor outer surface through layers of MLI to a distant ambient temperature.

The thermal resistance through the wall of a three-dimensional cylinder is given

by including the cylindrical side wall and the top and bottom walls in parallel [65]:

𝑅𝑡ℎ-𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 =
1

𝜋𝑘𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒

(︂
(2(𝐷𝑖𝑛/2 + ∆𝑥)2)

∆𝑥
+

2 (𝐻𝑖𝑛 + 2∆𝑥)

ln (1 + 2∆𝑥/𝐷𝑖𝑛)

)︂−1

, (2.35)

where ∆𝑥 is the thickness of the insulation and refractory layers, 𝐷𝑖𝑛 is the inner

diameter, and 𝐻𝑖𝑛 is the inner height of the cylinder.

The thermal resistance from the reactor outer wall through the layers of MLI to

a distant ambient temperature is given by [65]:

𝑅𝑡ℎ-𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 = (𝜖*𝜎(𝑇 2
𝑜𝑢𝑡 + 𝑇 2

∞) (𝑇𝑜𝑢𝑡 + 𝑇∞)𝐴)−1, (2.36)
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where 𝑇𝑜𝑢𝑡 is the temperature on the outer surface of the reactor (inside of the MLI

layers), 𝑇∞ is the ambient temperature, taken to be 298K, 𝐴 is the outer surface area

of the reactor, 𝜎 is the Stefan-Boltzmann constant, and 𝜖* is the effective emissivity

of the layers of MLI, given by [42]:

𝜖* =

(︂
2𝑁

𝜖𝑀𝐿𝐼

−𝑁 − 1 +
1

𝜖1
+

1

𝜖∞

)︂−1

, (2.37)

where 𝑁 is the number of layers of MLI, 𝜖𝑀𝐿𝐼 was taken to be 0.03 for Mylar [42], 𝜖1

is the emissivity of the reactor outer surface (taken to be 1.0), 𝜖∞ is the emissivity of

free space (taken to be 1.0). Although Gilmore and Donabedian [42] assert that the

theoretical effective emissivity in Equation (2.37) is a dramatic underestimate, recent

work by Hatakenaka et al. [46] demonstrated a new pin attachment method for MLI

that allows for real hardware performance to approach the theoretical predictions

of Equation (2.37). In fact, the James Webb telescope shield achieved an effective

emissivity of 0.00038 [81].

The temperature on the outer surface of the reactor inside of the MLI layers (𝑇𝑜𝑢𝑡)

was calculated using the knowledge that all of the heat loss (𝑄̇ℎ𝑒𝑎𝑡-𝑙𝑜𝑠𝑠) calculated in

Equation 2.6.5 must be radiated out of the reactor:

𝑇𝑜𝑢𝑡 =

(︃
𝑄̇ℎ𝑒𝑎𝑡-𝑙𝑜𝑠𝑠 + 𝐴𝜎𝜖∞(𝑇∞)4

𝐴𝜎𝜖*

)︃1/4

(2.38)

Using Equations (2.33) through (2.38), the thermal resistance of the reactor in

the multiphysics simulation could be calculated, using the required wall thermal con-

ductivity from Equation (2.25) for wall thermal conductivity (𝑘𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒), 3 cm for the

wall thickness (∆𝑥), and 0.05 for the outer wall emissivity (𝜖*). With these values,

a required thermal resistance could be calculated (𝑅𝑡ℎ-𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑), which essentially de-

scribes the required thermal properties that a reactor needs to have in order to behave

thermally similar to the reactor in the multiphysics simulation.

With the required thermal resistance as a design target, the MRE reactor model

must then design a reactor with the same thermal resistance despite the fact that the
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wall thermal conductivity (𝑘𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒) is now based on real materials and will therefore

be different from the value prescribed by Equation (2.25).

A previous version of the MRE reactor model [95] varied the insulation and re-

fractory thickness (∆𝑥) to achieve the required thermal resistance, while leaving the

number of the MLI layers constant. Although this is a viable way to design MRE

reactors, it incurs heavy mass penalties, as typical refractory materials have densities

on the order of 3 g/cm3. Furthermore, the effect of adding more insulation to the

reactor does not always increase the thermal resistance, as it increases the area for

radiation to ambient [65].

To enable less massive, more robust reactor designs, a new methodology is pro-

posed. This methodology starts with minimum wall thickness, ∆𝑥 = ∆𝑥𝑚𝑖𝑛, set as

a user input. The MIT experimental hardware used a two-layer crucible with a wall

thickness of 1 cm each [43], so a minimum wall thickness of 2 cm was used for this

study. For the minimal wall thickness, layers of MLI are added in an attempt to

meet the insulation requirements set forth from the multiphysics model. If this fails

to achieve the required thermal resistance (the effect of adding layers of MLI has di-

minishing returns), the wall thickness is increased to attempt to achieve the required

thermal resistance. Increasing the wall thickness also has diminishing returns, and

so the reactor model will throw a flag if it cannot produce a reactor design with the

required insulation properties as discussed further in Section 2.6.7. The mass of the

MLI was taken to be 0.02 kg/m2 per layer [80] with a factor of two to be conservative

and account for fasteners and other supporting material. This number is based off of

an actual flight design at the Marshall Space Flight Center (MSFC) [80].

Although this thesis was not intended to focus on the material science factors

in the design of an MRE reactor, some survey work was completed concerning ap-

propriate refractory materials to gain a greater understanding of the approximate

density and thermal conductivity one could expect out of such materials. The high

purity alumina used in the MIT experiments was avoided due to its high density of

3.9 g/cm3. Representatives at Allied Mineral1 were contacted in order to determine

1http://www.alliedmineral.com/
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if suitable alternatives with a lower density existed. A family of refractory materials

with densities on the order of 3.0 g/cm3 and thermal conductivities on the order of

1.5 W/m-K were identified. This model assumes the use of a similar material for

the refractory layer. For the insulation material, Aeroguard HDTM 2 was selected for

its excellent thermal properties at high temperatures and its high thermal stability.

Furthermore, it has a low density on the order of 0.2 g/cm3, which is one reason it is

commonly used in the aviation industry.

Structural, Insulation, and Refractory Mass

The structural thickness is set such that the hoop stress resulting from the operating

pressure is less than the yield stress of the material with a safety factor (SF ) of 3.5

(𝜎𝑦 = (𝑆𝐹 )
(︀
𝑃𝑟
2𝑡

)︀
). A constant ullage was used in all multiphysics simulations, which

results in an inner reactor height that was approximately 1.5 times the maximum

electrode separation. Due to the fact that the structure may encounter elevated

temperatures, titanium was selected over aluminum. With the diameter, height, and

thickness of the structural, insulation, and refractory layers determined, the mass of

the cylindrical reactor shell can be calculated.

Anode and Cathode Mass

The mass of the anode and cathode are also taken into account in the MRE reactor

model. The diameter of the cathode plate is fixed at 15% of the reactor diameter,

after an initial analysis revealed that this ratio provided a good balance between larger

molten masses and higher operating temperatures. The anode diameter is designed to

be 19% less than the cathode diameter, using the same ratio as Sibille and Dominguez

[99]. The cathode shaft length is long enough to pass through the bottom reactor

wall and then connect to the power system. The anode shaft length is set to extend

from the anode plate all the way out of the top of the reactor. The diameter of both

the anode and cathode shafts is set to 2 cm plus 1
25

th of the anode plate diameter.

With these dimensions set, the mass of the anode and cathode are relatively easy to

2http://www.microthermgroup.com/landingpage/assets/TDS_AEROGUARD_V1-EN.pdf
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calculate. Future work can address modeling the anode and cathode connections to

the power system to provide even more accurate mass and power estimates.

Heater Mass

As mentioned in Sections 2.5.2 and 2.6.5, half of the regolith heating power occurs

via joule-heating in the reactor core and half is provided by a preheater that bakes

out volatiles and warms up the cold fresh regolith. The mass of this preheater was

calculated using trends from a handbook on electric resistive heaters [117].

2.6.7 Reactor Model Flags

A number of flags in the reactor model serve to identify designs that may appear fea-

sible, but due to concerns not directly modeled may not be achievable. The following

sections detail each error flag that the MRE reactor model can throw. As discussed

later in Section 3.4, these error flags are used in the optimization scheme to guide the

reactor model away from infeasible designs to feasible design regions.

Electrode Separation Constraints

There are two constraints on the minimum and maximum electrode separation. These

values can be calculated using Equation (2.26) when the design margin is >1.0, which

will result in a range of acceptable reactor diameters and therefore a range of accept-

able electrode separations. The average of the maximum and minimum electrode

separation must be greater than or equal to 2.0cm, otherwise a flag is thrown. This

value comes from two experiments performed at MIT that used electrode separations

of 2.0 cm [62] and 2.22 cm [43]. If the electrodes are too close together, the metal

dendrites that form [30, 62] may cause a short.

Furthermore, a range of 0.5 cm between the minimum and maximum electrode

separation bounds was also imposed to provide a measure of operational flexibility.

If the two bounds are closer than 0.5 cm, the reactor model throws a flag to indicate

that the given design does not have enough operational flexibility.
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Current Density Constraint

There is also a constraint on the current density. Because this value is not set explic-

itly within the design process, the reactor model throws a flag if the proposed reactor

design has too high of a current density. Current density is simply taken on the anode

surface by dividing current by the lower surface area of the anode plate. The appro-

priate limit for the current density of lunar regolith is somewhat uncertain. Some of

the earliest work developing MRE achieved a current density of 1.25 A/cm2 [20], but

a large range of values have been achieved in the literature, as presented in Table 2.6.

Table 2.6: Experimental current density values from a range of molten regolith elec-
trolysis experiments (with the exception of Kennedy [60]).

Source
Current Density

(A/cm2)
Anode
Material Notes/Comments

Kesterke [61] 15.5 Iridium At 17-19V
Carroll [20] 1.25 Molybdenum
Haskin et al. [45] 2.5 Platinum 1560∘C
Gmitter [43] 0.641 Ir, Pt, Rh Increases w/ optical basicity
Paramore [79] 7.35 Iridium Possibly 0.3 𝐴

𝑐𝑚2 , y-axis unclear

Sirk et al. [103] 0.8 Iridium At 0.2 A
Wang et al. [124] 1.19 Iridium Increases w/ voltage
Kim et al. [62] 11.7 Iridium
Kennedy [60] 4 - 7 Graphite Electric slag furnace
Allanore et al. [2] 2 FeCr𝑋 At 3.8 V
Allanore et al. [2] 5 FeCr𝑋 At 6.0 V

From Table 2.6, it is clear that the current density depends on the type of an-

ode being used as well as the temperature, operating voltage and melt composition.

Simulation work by Sibille and Dominguez [99] demonstrated a 33% increase in the

current density (current divided by anode area facing the cathode) when using a

“waffle”-shaped anode. Complementary experimental work by Curreri et al. [30] re-

vealed a three-fold increase in current when using a coiled piece of metal for the anode

rather than a simple plate. Voltages significantly above the Nernst potential are also

expected to drive the current density higher, as demonstrated by Allanore et al. [2].

If we conservatively assume that more complex anode designs can result in a two-fold

increase in current density over existing flat-plate experimental work, we can expect
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current densities on the order of 20 A/cm2 (≈ 2 × 11.7 A/cm2 from Kim et al. [62]).

To avoid violating this constraint, the reactor model will throw a flag if the current

density surpasses 20 A/cm2.

Wall Thickness Constraint

Another constraint in the MRE reactor model concerns the thickness of the wall. As

described in Section 2.6.6, the wall thickness is set such that the real reactor has the

same thermal resistance as the one prescribed by the regression equations. If the wall

thermal conductivity prescribed by Equation (2.25) is too high, the equivalent wall

thickness in the real reactor may become too thin. An input was added to the model

to prescribe the minimum allowable wall thickness. For this study a baseline of 2 cm

was used, as the experiments at MIT utilized two 1 cm thick crucibles. If the required

wall thickness drops below this value, the reactor model will throw a flag.

Wall Insulation Constraint

On the other end of the design space, the wall thermal conductivity prescribed by

Equation (2.25) is too low, it may not be achievable by the materials chosen for the

real reactor. Say that the Equation (2.25) prescribes a conductivity of 1E-5 W/m-K

and the effective thermal conductivity (from Equation (2.33)) of the real insulation

and refractory materials is 0.1 W/m-K. Increasing the thickness of the real reactor wall

beyond the 3 cm thickness from the COMSOL simulation will help raise the thermal

resistance of the real reactor closer to the required value, but this increase is not

monotonically increasing - after a certain point adding more wall thickness actually

decreases the total thermal resistance of the cylinder. This is because adding more

wall thickness increases the outer surface area of the reactor, which decreases the

thermal resistance of the outer surface radiation given in Equation (2.36).

As detailed in Section 2.6.6, additional layers of MLI can also be added to attempt

to achieve the required thermal resistance, but the effect of adding more layers also

approaches a horizontal asymptote (see Equation (2.37)). Thus, there is a limit to the

thermal resistance that can be achieved with real materials - if the thermal resistance
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required is too high, the reactor model throws a flag.

Molten Mass Constraint

The required molten mass is calculated using Equation (2.11), but there are con-

straints on this value. Due to the fact that the regression equation for the molten

mass in a reactor, given in Equation (2.20), is an exponential function without an

intercept shift, it is actually possible for this equation to predict positive molten mass

estimates when the diameter is zero (or even less than zero). Although alternative

equations were explored, in the end the form shown in Equation (2.20) was found to

fit the data best. To ensure that the reactor model does not predict negative reac-

tor diameters, the molten mass is required to be above a minimum value such that

𝐷𝑚𝑖𝑛(𝑀𝑀𝑚𝑖𝑛) > 0 where 𝐷𝑚𝑖𝑛(𝑀𝑀) is given by Equation (2.22). If the required

molten mass is less than this limit, the reactor model throws a flag to indicate that

the batch time must be increased to result in a suitable amount of molten mass within

the reactor.

2.7 MRE Reactor Performance and Design Trends

2.7.1 Oxygen Extraction Efficiency and Current Efficiency

The oxygen extraction efficiency (𝜂𝑂2), calculated using Equation (2.10), describes

the fraction of oxygen that can be extracted from lunar regolith by weight (i.e. the

number of kilograms of oxygen that can be extracted per kilogram regolith). The

left-hand plot in Figure 2-21 shows how 𝜂𝑂2 increases with operating temperature for

three types of lunar regolith discussed in Section 2.2.1. The maximum value for this

metric is 0.454 for Highlands regolith, 0.417 for High-Ti Mare regolith, and 0.423 for

Low-Ti Mare regolith.

As discussed in Section 2.3, higher operating temperatures allow one to reduce

more of the oxides in lunar regolith before the melting temperature of the molten

regolith core approaches the operating temperature, causing the core to risk solidi-
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Figure 2-21: The oxygen extraction efficiency (left) and current efficiency (right)
estimates for an MRE reactor.

fication and reactor shutdown. Thus by raising the operating temperature, one can

extract more oxygen per kilogram regolith and increase 𝜂𝑂2 . Density considerations

come into play as well, as one must ensure that the product metal does not become

less dense than the leftover slag and rise to the top of the molten core, shorting out

the reactor. Future work can further investigate this design consideration.

There are a few interesting differences between the Highlands and Mare regolith

data in Figure 2-21. For Highlands regolith, 𝜂𝑂2 exhibits a sharp rise around 2000K,

which corresponds to an operating temperature that is high enough to allow one

to reduce all of the SiO2 (see Figure 2-10: the SiO2 peak is around 1950K + 50K

safety margin = 2000K). For Mare regolith, a jump in 𝜂𝑂2 occurs around 2200K.

This jump is not due to electrolyzing all of the SiO2, but is rather due to a reversal

in the electrolysis order of SiO2 and MgO. As seen in Figure 2.2.8, around 2200K

the Gibbs Free Energy for MgO rises above that of SiO2, meaning that MgO will

be preferentially electrolyzed over SiO2 at temperature above 2200K. In reality, it is

likely that both MgO and SiO2 will be concurrently reduced at temperatures near

2200K, but for the MRE reactor model all oxide species are assumed to be discretely

reduced in a specific order for simplicity.

The current efficiency (𝜂𝐼) is shown in the right-hand plot in Figure 2-21 as a

function of temperature for three different types of regolith. For all types of regolith,
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the current efficiency starts at a lower value due to the relatively large amount of FeO

being electrolyzed with a current efficiency of 30% (see Section 2.2.7). As operating

temperature increases, more SiO2 (and other species) are able to be electrolyzed with

a higher current efficiency, increasing the average current efficiency over all species

electrolyzed. For Highlands regolith, we observe a smooth increase from 74% at an

operating temperature of 1850K to 82% above 2000K. For Mare regolith a similar

increase is observed from 57% at 1850K to 72% at 2200K. As discussed in preceding

paragraph, at temperature above 2200K MgO is reduced before SiO2. Due to the

fact that MgO is electrolyzed with an estimated efficiency of 50% (due to the possible

recombination of gaseous Mg and O2 as discussed in Section 2.2.7), this results in a

drop in average current efficiency. It is important to note that Highlands regolith can

be electrolyzed with a significantly higher current efficiency due to the fact that it

has less FeO.

One may note that the current efficiency estimates presented here appear lower

than many numbers cited in the literature, which are often around 90-100% [100, 121,

103]. These estimates are for melts without iron-, titanium-, or sodium-oxides, which

is why the current efficiency is dramatically higher. Realistic current efficiencies over

an entire batch, in which FeO, SiO2, TiO2, and other oxides may be reduced, will be

lower.

2.7.2 Mass and Power Estimates

The MRE reactor model developed in this work was leveraged to generate estimates

of reactor mass and power over a range of oxygen production levels from 1,000 kg

O2/year to 10,000 kg O2/year. The effects of a number of design variables on reactor

mass and power are explored in the following section.

The Effect of Operating Temperature

Figure 2-22 shows the trends in the reactor mass (top left), specific mass (top right),

power (bottom left) and specific power (bottom right) over a range of oxygen pro-
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Figure 2-22: The mass (top left), power (top right), specific mass (bottom left) and
specific power (bottom right) of an MRE reactor over a range of oxygen production
levels. Each line represents a different operating temperature and all designs have a
margin of 1.5.

duction levels for High-Ti Mare regolith. From this figure, it is clear that, for a

given oxygen production level, increasing the operating temperature decreases reactor

mass. This is because higher operating temperatures increase the oxygen extraction

efficiency (see Figure 2-21), which reduces the regolith processing requirement and

reactor size. Prior to this work it was unclear whether higher operating temperatures

would indeed result in smaller reactor sizes. Higher operating temperatures might

have increased reactor size due to the need to accommodate a larger temperature

drop radially before reaching the reactor wall (or perhaps a steeper thermal gradient

resulting in more power loss). Furthermore, the density of molten regolith decreases

with temperature (see Section 2.2.2), so one might expect higher temperatures to

result in larger reactors to hold the same mass of regolith. There are numerous other
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effects of increasing the operating temperature (as demonstrated by the tempera-

ture dependence of almost all regolith material properties in Section 2.2), but by

integrating all of these effects into a single model, we are able to show that higher

temperatures significantly reduce reactor mass.

Reactor power appears to slightly increase with operating temperature between

1850K-2150K, and then decrease significantly between 2150K and 2300K. This upper

range corresponds to the temperature that allows one to electrolyze significantly more

oxygen per kilogram regolith. The model shows that, for High-Ti Mare regolith,

reactor power slightly increases with operating temperature until the temperature

exceeds ∼2200K, at which point dramatic power savings can occur. The reactor

specific power monotonically decreases with production level, which indicates that

from a power perspective, higher production levels are preferable.

Operating temperature also affects the oxygen production range achievable by a

single reactor. As operating temperature increases, the minimum oxygen production

level increases. We note that the trend does not hold between 2150K and 2300K,

which corresponds to the point at which one is able to electrolyze significantly more

oxygen per kilogram regolith as shown in Figure 2-10. It appears that crossing over

this threshold enables one to design MRE reactors for smaller production levels due

to the dramatic increase in oxygen extraction efficiency. The lower bound on oxygen

production exists because below a certain oxygen production threshold, the reactor

size becomes too small to maintain the joule-heated, cold-wall thermal design (dis-

cussed in Section 2.6) with suitable wall thickness. For instance, when the reactor

model is used to design a reactor that produces 2000 kg O2/year with an operating

temperature of 2150K (yellow line), it requires a wall thickness of 1.5 mm, which is

obviously not acceptable from a reactor robustness standpoint. Further mass savings

may occur at temperatures above 2300K, but the validity of the reactor model at

these higher temperatures is less certain due to material melting point considerations

for the anode.
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The Effect of Design Margin

The trends in operating temperature presented above are for reactor designs with a

fixed design margin of 1.5. This means that the wall thermal conductivity is designed

such that the maximum diameter set by the operating temperature is 1.5 times the

minimum diameter set by the molten mass requirement (see Section 2.6.3). The

design margin also affects reactor mass and power. As seen in Figure 2-23, increasing

the design margin results in higher reactor mass and power, though it does increase

the maximum production level for a single reactor.
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Figure 2-23: The mass and power of an MRE reactor at an operating temperature
of 1850K, where each line shows a different design margin. Larger design margins
clearly increase both mass and power, but enable higher production levels.

Perhaps the most important effect of design margin is on the acceptable range

of electrode separation values. The design margin controls the acceptable bounds on

reactor diameter and because there is a one-to-one mapping between reactor diameter

and electrode separation, this also translates into bound on the electrode separation

(see Section 2.6.4). The left-hand plot in Figure 2-24 demonstrates how increasing

the design margin enables a range of electrode separations that 1) generate enough

heat to maintain the central molten core while 2) not generating excessive heat to

maintain the joule-heated cold-wall condition (no molten material touches the reactor

wall) as described in Section 1.2.1. This is of the utmost importance, as having an

acceptable range of electrode separation values will enable a control system to actuate

95



Annual Oxygen Production (kg/yr)

E
le

ct
ro

d
e 

S
ep

ar
at

io
n

 M
ax

 (
cm

)

0 2000 4000 6000 8000 10000
0

2

4

6

8

10

12

D
es

ig
n 

M
ar

gi
n 

(-
-)

1.0

1.0

1.1

1.1

1.2

1.2

Annual Oxygen Production (kg/yr)

R
ea

ct
or

 M
L

I 
M

as
s 

(k
g)

0 2000 4000 6000 8000 10000
0

10

20

30

40

50

D
es

ig
n

 M
ar

gi
n

 (
--

)

1.0

1.1

1.1

1.1

1.2

1.3

Figure 2-24: (left) Increasing the design margin opens up a larger range of feasible
electrode separation values to enable operational flexibility. (right) Increasing the
design margin requires less insulation and decreases the number of layers and mass
of MLI on the reactor exterior.

the electrode separation to better control the reactor thermal topology during actual

operation.

The right-hand plot in Figure 2-24 illustrates how increasing the design margin

opens up larger production levels. For a design margin of 1.0, around a production

level of 4500 kg O2/year, the reactor wall must have more and more insulation in the

form of more layers of MLI on the exterior of the reactor (see Section 2.6.6). At a

certain point the reactor cannot be insulated well enough to satisfy the given design

margin, so one must relax the design margin. This results in larger reactors with

more conductive walls that are now feasible to design.

The Effect of Maximum Wall Temperature

Identifying infeasible designs plays a central role in determining the cutoff line lo-

cation/equation. The data in Figure 2-16 crosses out infeasible designs that have a

wall temperature above 1400K, to provide a 100K safety margin for the melting tem-

perature of regolith at 1500K. This section evaluates three different maximum wall

temperature cutoff values: 1200K, 1300K, and 1400K. For each value, the multivari-

ate regression analysis described in Section 2.6 was carried out to generate reactor

scaling equations. The form of the regression equations remained the same, but the
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Figure 2-25: The mass and power of an MRE reactor for different maximum wall tem-
peratures. Increasing the maximum wall temperature definitively decreases reactor
power (right-hand plot), but has a complex effect on reactor mass.

regression coefficients were different, as shown in Appendix C. Figure 2-25 shows how

the maximum wall cutoff temperature affects the mass and power of an MRE reactor.

As seen in Figure 2-25, a higher maximum wall cutoff temperature decreases the

production range of a single reactor and generally decreases reactor mass and power.

The change in production range is due to two factors. At low production levels, a

higher wall temperature allows for smaller reactors because the reactor walls can get

closer to central molten core. At higher production levels, higher wall temperatures

require more insulation and after a certain production level the reactor can no longer

be properly insulated (see Section 2.6.7).

To better understand why higher wall temperatures reduce mass and power, the

reactor geometry was investigated. Figure 2-26 shows how lower wall temperatures

push the reactor diameter slightly larger. This is simply due to the wall needing to be

farther from the high temperature molten core. Due to the exponential relationship

between reactor diameter and the required electrode separation (see Section 2.6.4),

this slight increase in reactor diameter translates into a significantly larger electrode

separation and therefore reactor height.

To further understand the trends in reactor mass and power observed in Figure 2-

25, the breakdown of the mass and power was also examined, as shown in Figure 2-27.
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Figure 2-27: The mass and power breakdown as a function of the wall temperature.

Two clear trends in reactor mass appear: higher wall temperatures result in a signifi-

cant reduction in the mass of the cylindrical shell (structural+insulation+refractory)

due to the decrease in reactor height and diameter seen in Figure 2-26. Although

almost imperceptible, there is a slight increase in the mass of the MLI around the

reactor at higher wall temperatures, corresponding to the requirement for more insu-

lation. The higher wall temperature also results in a dramatic decrease in the heat

loss through the reactor wall, as shown on the right-hand plot in Figure 2-27.
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The Effect of Regolith Type/Composition

The MRE reactor model has a strong dependence on regolith type. Of the regolith

material properties listed in Section 2.2, composition, density, specific heat, electrical

conductivity, current efficiency, latent heat of melting, endothermic power, and elec-

trolysis power all depend upon regolith type. Furthermore, sets of multiphysics data

were generated for Highlands and Mare regolith (the differences between High-Ti and

Low-Ti Mare are not significant in the multiphysics simulation). From these data

sets, two sets of regression coefficients were generated for the equations presented in

Section 2.6, as shown in Appendix C.

Figure 2-28 shows how the regolith type affects the mass and power of an MRE re-

actor. The operating temperature plays a large role in determining how well a reactor

can process a given type of regolith, so data is shown for operating temperatures of

1850K (top row), 2000K (middle row), and 2300K (bottom row). From these results,

it appears that the liquidus temperature curves shown in Figure 2-10 play a large

role in the regolith type dependence. That is, the type of regolith strongly affects

how much oxygen can be extracted from lunar regolith before having to stop to avoid

solidification of the inner molten core.

At 1850K (top row of Figure 2-28), one can extract less oxygen per kilogram

Highlands regolith compared to Mare regolith so Highlands reactors must process

more regolith, which increases the power required to meet a given oxygen production

level. Furthermore, Highlands regolith has more SiO2, which must be electrolyzed at

a higher voltage and subsequently drives the power requirement higher for Highlands

regolith. A secondary effect appears to result in less massive reactors for Highlands

regolith at higher production levels. This is due to a decrease in the required insulation

for Highlands reactors compared to Mare reactors, as determined by the multiphysics

simulation scaling equations.

The trend in liquidus temperature reverses around 2000K (middle row of Figure 2-

28), at which point one can now electrolyze more oxygen from Highlands regolith

compared to Mare. This results in a dramatic decrease in reactor mass (33%) and
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Figure 2-28: The mass and power of an MRE reactor for three different types of
regolith with operating temperatures of 1850K (top), 2000K (middle), and 2300K
(bottom).
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power (60%) for Highlands regolith compared to Mare for operating temperatures

circa 2000K. At operating temperatures circa 2300K, the mass and power of MRE

reactors is again somewhat similar for both Highlands and Mare reactors. Highlands

reactors are slightly less massive as higher production levels (due to less insulation

requirements) but slightly more power intensive.

The Effect of Batch Time

In the MRE reactor model, the batch time plays an important role in determining

reactor size and power. Through Equations (2.11) and (2.12), higher batch times

require more molten regolith to be held in the reactor during operation. Figure 2-29

illustrates the impact of batch time on reactor mass and power. Naturally, longer

batch times result in larger reactors that require more power. This is due to the

fact that the reactor must now maintain a larger volume of molten material at the

operating temperature for a longer period of time. Although shorter batch times

reduce reactor mas and power, the also clearly limit the maximum production level

of a single reactor, as observed in Figure 2-29.
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Figure 2-29: The mass and power of an MRE reactor as a function of oxygen produc-
tion and batch time. Longer batch times increase reactor mass and power.

One attractive option for an MRE reactor is semi-continuous operation, in which

regolith is continuously added while molten metals and slag are periodically with-

drawn. This study of batch time is still relevant for continuous operation reactors,
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as it describes the effect of the ratio of molten mass to reactor current. The results

shown in Figure 2-29 demonstrate how lower ratios of molten mass to current (shorter

batch times) are optimal, but they limit the production level of the reactor.

2.7.3 Molten Metal Production

As mentioned in Section 2.4.4, the MRE reactor model can also be used to predict

the amount of molten metal produced by the reactor. Figure 2-30 illustrates the esti-

mated metal produced from an MRE reactor as a function of operating temperature

for Mare (left) and Highlands (right) regolith. As temperature increases, the metal

production increases while the mass of leftover slag decreases by approximately 35%

from 1850K to 2300K (for Mare) or 2000K (for Highlands). Reactors processing High-

lands regolith can produce aluminum at lower operating temperatures because the

liquidus temperature peak occurs around 2000K for Highlands regolith and around

2250K for Mare (see Figure 2-10). Reactors processing Mare regolith can produce

more iron and titanium per kilogram regolith, while reactors processing Highlands re-

golith can produce more silicon and aluminum per kilogram regolith. This is directly

due to the compositions presented in Figure 2-2.
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Figure 2-30: The amount of metal produced by an MRE reactor operating on Mare
(left) and Highlands (right) regolith. As operating temperature increases, more oxides
can be reduced to produce more molten metal.
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The data in Figure 2-30 is for an oxygen production level of 10,000 kg O2/year.

At higher operating temperatures (>2000K for Highlands and >2300K for Mare), the

cumulative amount of metal produced is almost equal to the oxygen production level.

2.8 MRE Reactor Modeling Summary

This chapter presented the development of a parametric sizing model for a Molten Re-

golith Electrolysis reactor to produce oxygen and molten metals from lunar regolith.

Section 2.2 gave a comprehensive overview of the regolith material property data that

was integrated into the model. Section 2.3 describes how the regolith throughput re-

quirements are derived from the oxygen production level. Section 2.4 describes the

electrochemical equations behind the MRE reactor model. Section 2.5 provides the

details on a multiphysics simulation of an MRE reactor, developed to increase the

fidelity of the MRE reactor model. Section 2.6 describes how the data generated by

the multiphysics simulation was leveraged to parametrically design MRE reactors.

Section 2.7 explored some of the results from the MRE reactor model. Perhaps

the most important finding from the model is the tightly coupled nature of an MRE

reactor design. Changing the diameter of the reactor has a dramatic impact on the

operating temperature and molten mass within the reactor, and maintaining constant

values for these quantities while varying reactor diameter requires the modification of

wall thermal conductivity and electrode separation. Higher operating temperatures

appear to always reduce reactor mass and sometimes reduce power (Figure 2-22), but

have a strong dependence on the type of regolith being used (Figure 2-28). Lower

design margins reduce reactor mass and power, but limit the maximum production

level of a single reactor (Figure 2-23). Higher design margins are found to be an

effective method for increasing reactor operation flexibility by enabling a range of

feasible electrode separations (Figure 2-24). Batch time has a similar effect on reactor

mass and power: longer batch times increase mass and power, but open up higher

production levels.

These trends reveal the complex, coupled nature of MRE reactors. All of the
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design variable effects listed here contain some cross-dependence between the various

design parameters. For example, we expect the optimal design margin to strongly

depend on the batch time and vice versa. Clearly, an optimization scheme must be

employed to better understand the optimal MRE reactor design.

The MRE reactor model predicts that an MRE reactor is able to produce oxygen

with a specific mass on the order of ≈0.1 (kg reactor)/(kg O2/year) and ≈5 (W)/(kg

O2/year). These values provide initial evidence that an MRE reactor can be a viable

option for producing oxygen from lunar regolith to resupply ECLSS consumables and

provide oxidizer for chemical propulsion systems. Although these numbers differ from

those presented in Schreiner et al. [95], they represent higher fidelity designs and are

therefore considered more accurate. Despite these promising results, these mass and

power predictions are for the MRE reactor alone. As described in Section 1.3.3, the

integrated ISRU system must be studied to understand the true mass and power

associated with producing oxygen on the lunar surface as well as the optimal ISRU

system design. This integrated ISRU system is presented in the following chapter

along with the holistic ISRU system mass and power estimates.
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Chapter 3

Integrated ISRU System

Optimization and Scaling

3.1 ISRU System Model Overview

As discussed in Section 1.3.1, modeling ISRU systems is critical to understanding the

proper applicability of such systems. The MRE reactor model developed in Chapter 2

shed some light on the effect of various design variables, such as operating tempera-

ture, wall temperature, and batch time, but the optimal design of an MRE reactor

cannot be completely understood without integrating it with other subsystem mod-

els. Naturally, a power system model is critical to determining the optimal balance

between reactor mass and power, but other subsystem couplings can also prove im-

portant. Consider the operating temperature of an MRE reactor. The results shown

in Section 2.7.2 indicate that higher operating temperatures are optimal, but operat-

ing temperature restricts the production range and therefore has a complex effect on

the feasible values for batch time and design margin. Furthermore, higher operating

temperatures result in the oxygen liquefaction and storage system using more power

to cool the product oxygen to cryogenic temperatures. The proper balance of these

design trades can only be understood when subsystem models are integrated together.

This chapter lays out an integrated ISRU system model that includes subsystem

models of a reactor, power system, excavation system, regolith storage system, re-
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golith feed system, and oxygen storage and liquefaction system. A hybrid genetic

algorithm/gradient-based optimization routine is developed and leveraged to mini-

mize the mass of the holistic ISRU system over a range of oxygen production levels.

Section 3.2 provides an overview of the subsystem models. Section 3.3 presents

the integrated system model and the N2 diagram of the subsystem connections. Sec-

tion 3.4 provides an overview of the optimization technique implemented on the ISRU

system model. Section 3.5 explores the optimized system design over a range of oxy-

gen production levels. Sections 3.6 and 3.7 present the estimated mass and power of

the holistic ISRU system over a range of production levels. Section 3.8 explores the

robustness of the MRE-based ISRU system to changes in regolith feedstock composi-

tion. Section 3.9 contrasts the oxygen production performance against system mass

to assess the utility of an MRE-based ISRU system. Section 3.10 presents visualiza-

tions of the optimized ISRU system. Section 3.11 concludes with some key aspects of

the system optimization analysis.

3.2 System Model Description

3.2.1 Reactor

Although a variety of reactor models can be integrated into the ISRU system model,

this work utilizes the Molten Regolith Electrolysis (MRE) reactor model presented in

Chapter 2. There are a number of key design variables in the reactor model that the

optimization scheme can vary, as described in Section 3.4. These include the operating

temperature, batch time, design margin, maximum wall temperature, as well as the

number of reactors. Future work can address optimizing additional parameters, but

these variables were chosen because they are the primary drivers of MRE reactor

design.
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3.2.2 YSZ Separator

A Yttria-Stabilized Zirconia separator is included in the system model to separate

oxygen from the MRE reactor exhaust gas. Although the molten electrolysis process

produces pure oxygen by electrolyzing oxides into oxygen gas and liquid metals, cer-

tain species (Na2O, P2O5, K2O and MgO) will evaporate after electrolysis and will

likely become entrained in the oxygen flow as contaminants. Additionally, trace gases

such as H2, N2, CO2, and Helium will also be released as fresh regolith is heated up

to a molten state [77]. Although a portion of these gases will be baked off by the

preheater (see Section 2.6.6), it would be overly optimistic to assume that no volatile

gasses are released once the regolith enters the high-temperature MRE reactor. To

this end, a YSZ separator was included to ensure higher oxygen purity.

Yttria-Stabilized Zirconia (YSZ) is a ceramic material composed of zirconium

dioxide (ZrO2) stabilized by the addition of yttrium oxide (Y2O3). YSZ is commonly

used as an electroceramic to measure oxygen content by monitoring the voltage across

conductive platings on each side of the solid YSZ electrolyte. To act as a separator,

an active voltage is applied across the electrodes while the gas flow encounters the

cathode as shown in Figure 3-1. At the cathode, oxygen is ionized to O2− and then

transported through the YSZ electrolyte via the electric field between the plates.

Gaseous
O2,gNa,gK,gP,getc.g

fromgReactor

O2-

O2gGas

YSZgSeparator

CathodegPlating

AnodegPlating

Driving 
Powerg
Source

Figure 3-1: A diagram of the proposed YSZ separator used to purify oxygen from the
exhaust gas from the Molten Regolith Electrolysis reactor.
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The power demand of the separator is estimated by determining the required

current and voltage across the YSZ ceramic. The current is directly proportional

to the amount of oxygen that needs to be transported through the separator. The

Nernst equation (shown in Equation (2.13)) with a current efficiency of one (𝜂 = 1),

as we assume no other species are transported through the separator, was used to

calculate the expected current.

The electrical conductivity of YSZ drives the required voltage across the separa-

tor. Data on the temperature-dependent conductivity of YSZ [50] was fit with the

equation:

ln(𝜎𝑒(𝑇 )) = 𝐴𝑌 𝑆𝑍 exp(𝐵𝑌 𝑆𝑍 𝑇 ) (3.1)

where 𝜎𝑒 is the electrical conductivity in S/cm, 𝑇 is the temperature in K, and the fit

coefficients are 𝐴𝑌 𝑆𝑍 = −23.4(±4.8) and 𝐵𝑌 𝑆𝑍 = −0.00259(±0.0003). The temper-

ature dependence in the YSZ conductivity couples the YSZ separator model and the

MRE reactor model: a higher operating temperature in the reactor results in prod-

uct oxygen with a higher temperature, which increases the temperature of the YSZ

ceramic. This increase in temperature leads to an increase electrical conductivity,

which decreases the voltage and power required for the separator. For simplicity, the

temperature of the YSZ electrolyte was taken to be 75% of the reactor operating tem-

perature. This was intended as a preliminary estimate to couple reactor temperature

and YSZ temperature, while also accounting for some heat loss between the reactor

and separator. Future work can generate a more accurate model of the expected

temperature at the separator as a function of reactor temperature.

The electrical conductivity affects the resistance of the YSZ ceramic (𝑅𝑌 𝑆𝑍):

𝑅𝑌 𝑆𝑍 =
∆𝑌 𝑆𝑍

𝜎𝑒(𝑇 )𝑆
, (3.2)

where ∆𝑌 𝑆𝑍 is the thickness of the YSZ separator (conservatively assumed to be

0.25 cm), 𝜎𝑒(𝑇 ) is the YSZ electrical conductivity calculated from Equation 3.1, and
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𝑆 is the required cross-sectional area of the YSZ separator calculated as:

𝑆 =
𝐼𝑌 𝑆𝑍

𝑗
, (3.3)

where 𝐼𝑌 𝑆𝑍 is the required current through the YSZ separator and 𝑗, the limiting

current density, was taken to be 0.4 A/cm2 [125]. The power of the YSZ ceramic

was then estimated using the current and resistance (I2R). The dimensions of the

separator with a 304 Stainless Steel case are used to calculate the mass of the YSZ

separator.

It should be noted that the current YSZ separator model is a simplified version

with the intention of determining the power needed for oxygen separation with only

first-order estimates of mass and volume. It is believed that the power requirement

of the YSZ separator will play a much more significant role than its mass in the ISRU

system optimization. Solid oxide electrolyzers similar to this concept are commonly

composed of multiple packed tubes or stacked wafers, which could reduce the mass

and volume estimates, but not significantly change the power requirement, compared

to this simplified YSZ model. A more realistic mass model will need to be created in

a future iteration.

3.2.3 Excavator

The excavator system model, developed at the Glenn Research Center [40], predicts

the mass of a mobile excavation platform sized to deliver the regolith throughput

requirement to the reactor. A force module utilizes the Balovnev force equations to

generate estimates of the force and torque involved in excavating lunar regolith. A

hole depth of 25 cm with cut depths of 2.5 cm was used to size a front-end loader in

this design iteration, though future work can optimize these values. The excavation

force estimates are used to size the excavation actuators using commercial off-the-shelf

(COTS) actuators and controllers from Danaher1. The force module also determines

the vehicle reaction and traction forces. A mass module conducts a structural analysis

1http://www.danahermotion.com
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to ensure that the excavator chassis can support the regolith weight and that the

digging mechanism can support the expected excavation stresses. The locomotion

motors are modeled after the Maxon motors used on the Mars Exploration Rover [68].

An excavator speed of 0.5 m/s and a plant distance of 100 m are used to properly

size the mobility platform for the excavator. Information on the excavator operating

duty cycle based on the power system charge/recharge cycle is also incorporated

into the model. The excavator model utilizes all of this information to generate an

excavator design that can meet the regolith delivery requirements from the reactor

while withstanding the excavation forces and regolith load requirements.

3.2.4 Hopper and Feed System

The hopper model calculates the mass of the storage hopper required to hold regolith

prior to inserting it into the reactor, shown in Figure 3-2. The main driver in the

hopper model is the buffer capacity, or the amount of regolith the hopper had to

hold in terms of days of reactor operation. A buffer capacity of 3 days was chosen

to ensure that the hopper could hold enough regolith for continual reactor operation

if the excavator needed repairs. Furthermore, a buffer capacity of 3 days effectively

decouples the excavation system scheduling from reactor batch mode operation (i.e.

although the reactor may operate on a 1 hour batch time, the excavator can deliver

regolith with a lower frequency). An ullage of 20% volume was used with a height-

to-diameter ratio of 1.25. The hopper walls were assumed to be made out of 3 mm

aluminum sheets, as the hopper will be safely removed from the high-temperature

environment of the reactor by the feed system. A single central hopper was designed

to support any number of reactors.

Developed at the Glenn Research Center and modified for this work, the feed

system model calculates the mass and power of the system required to insert fresh

regolith from the hopper into the reactor, shown in Figure 3-2. An auger/screw

was chosen for this design iteration, but other methods, such as a pneumatic feed

system [75], may be modeled in the future. The feed system model sizes an auger

that extends from the reactor through a cylindrical sleeve and into the bottom of
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the hopper. Using estimates of the cohesion, internal and external friction angles,

and soil-tool adhesion values for lunar regolith, the feed system model estimates the

expected torque on the auger and the resultant power consumption. The number of

feed systems is set equal to the number of reactors, as each reactor will likely require

its own feed system. The sleeve and auger are made out of Titanium C110M, due to

the interface with the high-temperature reactor. A fill ratio of 0.8 was used, meaning

that 80% of the auger is assumed to be filled with regolith.

Figure 3-2: A Computer-Aided Design (CAD) model of the hopper and auger used
in the ISRU system model.

One assumption built into the feed system model is that a 10 cm diameter auger

rotating at 10 rpm would be adequate to insert a full batch of regolith in the feed time

set as an input in the reactor model. A 5 mm thick sleeve with a 1.5 cm thick blade

at a pitch of 9.6 cm were also fixed within the feed system model. That is, for smaller

amounts of regolith per batch, the feed system was not parametrically sized down,
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due to limitations in the model design. Future work can expand the feed system

model to dynamically size the radius and rotational rate of the auger system to meet

the required regolith rate of insertion. Furthermore, a motor to actuate the auger

was not included in the feed system model; future work can address this deficiency.

3.2.5 Oxygen Liquefaction and Storage

The oxygen liquefaction and storage model utilizes oxygen production data from the

reactor to size both the liquefaction and storage systems.

The storage system is comprised of a cylindrical tank with hemisphere end caps. A

storage capacity of 6 months was chosen to allow for sufficient propellant production

to support two refueling missions per year. The number of layers of MLI can be

chosen to balance heat loss with system mass and a value of 50 layers was chosen for

this study. Although a variety of materials can be chosen, for this study aluminum

was used for the tank wall material. The storage tank is sized such that the yield

stress is greater than the hoop stress with a factor of safety of 2. Two tanks, each

with an ullage of 7% and a storage pressure of 306.8 kPa, were used in this study to

provide a measure of redundancy. The tank size and number of layers of MLI directly

impact the boil-off rate due to expected heat leakage into the tank.

The liquefaction system determines the mass and power of the system required

to liquefy the oxygen coming from the reactor. A separate cooler was designed to

re-liquefy oxygen that has boiled off in the storage system. The duct work required

to link the liquefaction, storage, and reactor systems is not currently included in the

system mass estimate.

3.2.6 Power System

The power subsystem is parametrically sized from the total power requirement summed

over all of the other subsystems, as shown in Figure 3-3. For the results shown in

this work, the system design was restricted to be solar arrays that provide power to

the ISRU system for day-only operation. Future work can assess the impact of using
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other power systems, such as solar arrays with fuel-cell energy storage to enable lunar

night operation, a Stirling radioisotope generator, or a fission surface power system.

The most important factor in the power system is the specific mass (kg/kW). This

parameter plays a large role in whether or not an ISRU system is in fact viable, but

unfortunately values for this parameter vary widely depending upon year, source, and

application. To this end, a literature review, shown in Table 3.1, was conducted to

better understand the appropriate value to use for this study.

Table 3.1: A review of various power system specific mass and area numbers for lunar
surface systems in the literature.

Source Year
Specific Mass
(kg/kW)

Specific Area
(m2/kW)

Comments

Simon [102] 1985 10.0 – Ballpark value, not cited

Mendell [74] 1985 5.3 –
Hepp Conservative [52] 1994 15.1 – Based on hardware

Hepp Adv. Tech. [52] 1994 3.3 – Assumes advanced tech

BVAD [4] 1995 20 –
Hoffmann [54] 2000 5.1 9.7 From hardware model

Space Mission Eng. [126] 2011 14.0 5.0 From satellite missions

ATK ROSA [16, 17] 2013 7.3 2.8 Based on hardware

ATK MegaFlex [16, 17] 2013 7.2 1.8 Based on hardware

Some numbers used in the early years of lunar base modeling were ballpark esti-

mates on the order of 5-10 kg/kW [74, 102]. The value listed in the 2015 Baseline

Values and Assumptions Document [4] is actually based on work published in 1995

and is significantly higher than the numbers used in the decade prior. In 2000,

Hoffman et al. [54] conducted a trade study of thin-film solar arrays and created a

hardware sizing model that predicted a specific mass of solar arrays around 5 kg/kW.

This model included the wiring, photovoltaic cells, substrate, boom/structure, and

mechanical components. The Space Mission Engineering textbook [126] gives a value

on the order of 14.0 kg/kW. This value is somewhat higher than the previous data,

but it is based on existing satellite designs rather than lunar surface designs.

The most recent numbers (≈7 kg/kW) came from two conceptual design stud-

ies of high-powered solar electric propulsion systems that requires 30 kW [16] and

300 kW [17]. Both numbers are based off of actual hardware that is currently be-
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ing fabricated by ATK for use on the Orion space capsule. Due to the high-fidelity,

hardware-driven nature of the values for the ATK MegaFlexTM solar array, values of

7.2 kg/kW and 1.8 m2/kW, which include a 29% margin, were used for the power

system model in this study.

A comparison of the specific mass value used in this study with values used in

previous ISRU studies provides greater context. The model developed at the Inter-

national Space University [13] used a value of 2.2 kg/kW, though this value seems

somewhat low and it not cited. The modeling conducted by Chepko [23] used a value

of 72 kg/kW, though this value seems somewhat high and is not cited. Compared

to this work, the model presented in Schreiner et al. [95] used a more conservative

value of 20 kg/kW from the Baseline Values and Assumptions Document [4, 44], but

assumed a 70% duty cycle in the Shackleton crater rim area. The work presented

here assumes a 50% duty cycle unless it is explicitly stated that the simulation is for

a base near the polar regions.

It is worth noting that the specific area value used in this study (1.8 m2/kW) is

significantly lower than previous estimates. This is due to the dramatic increase in

the efficiency of thin-film solar array technology over the past decade, as evidenced

by the monotonic decrease in array specific area observed in Table 3.1.

3.3 Modeling the Integrated System

The subsystem models described in the preceding section were integrated together

into a holistic system model. By linking the subsystems (reactor, excavator, power,

etc.) together into a self-consistent model, the entire mass and power of an ISRU

system can be estimated. The self-consistency of the model allows the tradeoffs

between subsystem designs to be studied. For instance, shortening the batch time of

an MRE reactor is one avenue for reducing reactor mass, but this reduction in reactor

mass comes at the cost of an increase in reactor power due to the increase in total

down time between batches which reduces total operational time. The integrated

model enables a more complete study of the optimal batch time, as one example, by
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including the mass of both the power and reactor subsystems.

Another important design variable to optimize is the reactor operating temper-

ature. The results from Section 2.7.2 revealed that higher operating temperatures

minimize both reactor mass and power, but this also drives a higher power require-

ment for the oxygen liquefaction system. Furthermore, Figure 2-22 shows how reac-

tor specific mass increases with production level while specific power decreases with

production level. This means that higher production levels require relatively larger

reactors but relatively less power per kilogram oxygen produced. To truly determine

the optimal production level and operating temperature for a single MRE reactor,

the integrated system must be studied.

Figure 3-3 depicts an N2 diagram of the ISRU system. The primary subsystem

couplings are shown, with some secondary connections left out for clarity. It is evident

that the reactor is a strong driver of many other system designs. It contributes to

the total power requirement and also determines the regolith processing requirement

which directly affects the excavator, hopper and feed systems. The power requirement

from each subsystem is summed together and used to size the power system. After

the power system is sized, the mass of each subsystems, including the power system,

is summed together to generate an estimate of the total ISRU system mass. Although

many of the models have rudimentary volume estimates, at this point in time these

estimates were not considered sound enough for publication so they are not presented.

3.4 Optimization Technique

3.4.1 Hybrid Optimization Description

A genetic algorithm (GA) optimization routine was used with the integrated system

model to optimize the ISRU system design by varying subsystem design variables. A

GA method was chosen, rather than purely gradient-based optimization techniques,

for a number of reasons. First, the objective function of the ISRU system contains a

large number of local minima and the general location of the global minimum is not
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Figure 3-3: An N2 diagram of the ISRU system model within the optimization routine,
showing how the subsystems are interconnected to generate a self-consistent estimate
of system mass, which is then optimized.

well known a priori. Second, the problem has an integer component: although some

parameters were continuous, such as operating temperature, other parameters were

discrete, such as number of reactors, wall temperature (discrete choices), number of

excavators, and material selections.

A GA is a heuristic search method that attempts to mimic natural selection by

generating a population of candidate designs in what is called a generation. The

fitness (or goodness) of each generation is evaluated and three methods are used to

create the subsequent generation. First, a set number of the best “Elite” designs are

directly carried over. Next, a certain fraction of the remaining designs (the “Crossover

Fraction”) are mixed together to create children for the next generation. Finally, the

remaining designs (the “Mutation Fraction”) are mutated by randomly changing a
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multiple generations in the genetic algorithm optimization scheme.

design variable from some parent designs to introduce variety into the population.

This process is illustrated in Figure 3-4, in which the genealogy of the GA is illus-

trated. Red lines link parents to mutated children, blue lines link parents to crossover

children, and black lines show how elite designs are directly passed down. Note that

the y-axis, “Individual”, is arbitrary and does not have a relationship to the fitness of

a given individual.

The GA solver terminates when the fitness function does not significantly change

over a set number of generations, called the “Stall Generation Limit”. For this study,

the fitness function was simply the total ISRU system mass. A Stall Generation Limit

on the order of 10-200 was chosen with a population sizes of 1000 to 10 designs in

each generation (a range of optimization options were tested). An Elite Count in the

range of 5-15 was also used with crossover fractions between 0.3-0.6.

The reduction in system mass with subsequent generations in the GA solver is

shown in Figure 3-5. The “Mean penalty value” markers depict the mean system

mass within the entire population of systems designs in a given generation. The
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Figure 3-5: A sample output from the genetic algorithm optimizer used on the ISRU
system model, where the penalty value is the mass of the ISRU system (kg). The
downwards trend in the blue data shows the effectiveness of the “natural selection” of
better performing candidates from generation to generation.

“Best penalty value” shows the lowest mass ISRU system in a given generation.

Although GA is a suitable technique for optimization over discrete variables, it is

not particularly well suited to optimized a large number of continuous parameters.

To enable a more efficient optimization, a gradient-based optimizer was implemented

that used the final GA solution as a starting point with the integer variables fixed.

The ISRU system model is nonlinear and contains no analytical gradient, so the

solver used finite difference approximations for the gradient. In this manner, the

GA optimizer was used to find what was likely the global minimum region while the

gradient-based optimizer was used to hone in on the exact minimum.

As discussed in Section 2.6.7, many of the subsystem models contained error flags

that identified infeasible reactor designs, vehicle slippage, and a number of other

system model errors. A set of soft constraints were implemented by penalizing the

mass of systems with error flags by adding 2000 kg and multiplying by a factor of

5 (the sample GA output in Figure 3-5 does not include this penalty). These soft

constraints guided the optimization scheme away from system designs with error flags.
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3.4.2 Bounding the Search Space

The optimization scheme described above was used to study the optimal ISRU system

design. The batch time, operating temperature, design margin, wall temperature and

number of reactors were used a free design variables in the optimization scheme. The

batch time was constrained between 1 and 40 hours, after a preliminary evaluation

revealed the optimal batch times to typically be in that range.

The operating temperature was constrained between 1850K and 2300K. The melt-

ing point of iron is ≈1810K, so a lower bound of 1850K will avoid producing solid

iron. It is worth noting that after the reactor has produced some silicon, it will create

an alloy with the iron with a lower melting point - thus, we can imagine a reactor

setup that operates below 1850K and still maintains a liquid metal product. Initial

results from the optimization indicated that optimal designs always have operating

temperatures significantly above the lower bound, so this bound was not relaxed for

future runs. The upper bound of 2300K was used to avoid approaching the melting

point of iridium (≈2700K), which could possibly be used as an anode material. The

operating temperature is calculated as the current-averaged temperature within the

melt, so an operating temperature of 2300K can correspond to higher peak tempera-

tures within the reactor. Thus, a bound of 2300K was used to avoid material melting

issues.

The design margin was constrained between 1.0 and 6.0. The lower bound of 1.0

is discussed in Section 2.6.3 and the upper bound of 6.0 was chosen after an initial

optimization run revealed that the optimal design margin was always significantly

below this value. The wall temperature could only take discrete values of 1200K,

1300K, and 1400K as discussed in Section 2.7.2, so an integer variable was used to

set this parameter. Finally, the number of reactors was an integer variable bounded

between 1 and 6, based on results from a previous study [96].
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3.5 Optimized System Design

The optimization scheme described in Section 3.4 was used to generate optimal designs

for a range of production levels between 1,000 kg O2/year and 10,000 kg O2/year. We

note here that the multiphysics data presented in Chapter 2 extended to a maximum

current of 3 kA, which corresponds to an oxygen production level of≈2500 kg O2/year.

The confidence in the reactor scaling equations derived from the multiphysics data

allows the parametric reactor model to extrapolate reactor designs beyond the range

of the multiphysics data. Future work can generate more multiphysics simulation

data at higher production levels to further anchor the design trends.

Figure 3-6 shows the the growth of the ISRU system mass and power over a range

of oxygen production levels in the top two plots. The results shown in the following

section are for Highlands regolith unless otherwise stated. The remaining graphs

(with labels) depict the optimized system design tradespace, including the number of

reactors (a), operating temperature (b), reactor diameter (c), molten mass per batch

(d), average reactor current (e), operating voltage (f), current density (g), the MRE

design margin (h), electrode separation range (i), and the batch time (j). The current,

reactor diameter, and molten mass per batch are for a single reactor.

The system mass and power are discussed in the following sections, here we dis-

cuss the optimal design parameters shown in the various plots in Figure 3-6. The

optimal number of reactors (plot a in Figure 3-6) exhibits a clear preference towards

one large reactor as opposed to multiple smaller reactors. This value was not set

a priori, but rather selected by the optimization scheme. This contrasts previous

work [96] in which the number of reactors increased with production level. The main

reason for this difference is the fact that the MRE reactor model now scales better

at higher production levels. The reactor model used previously [95] exhibited asymp-

totic mass behavior at larger production levels, which led to a natural increase in

number of reactors to meet higher production levels beyond the vertical asymptote.

With the improved reactor scaling equations presented in Section 2.7, the optimal

system consists of a single reactor over the production levels studied in this work.
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The optimal operating temperature (plot b in Figure 3-6) displays a monotonic

increase with production level. The bounds on operating temperature, discussed in

Section 3.4.2, are illustrated by the black dotted lines. The optimal operating temper-

ature begins around 1900K at 1000 kg/yr and then rises towards the 2300K ceiling for

higher production levels, though this rise is more gradual than previous results [95].

The increase towards higher temperatures is likely due to the fact that higher operat-

ing temperatures allows more oxygen to be extracted per kilogram regolith, which re-

duces regolith throughput requirements and reactor size as discussed in Section 2.7.2.

Higher temperatures also reduce the power consumption of the YSZ separator. Prior

to this work, it was unclear whether these benefits would be outweighed by the in-

creased thermal gradient requirements, increased regolith heating requirement (per

kilogram regolith), decreased regolith density, and potential increased power system

size. The integrated system model showed that operating temperatures higher than

the traditional 1850 K do indeed result in a lower total system mass.

The reactor diameter (plot c) naturally grows with oxygen production level. At

a production level of 1,000 kg/year the optimal diameter is around 1.75 m and at

10,000 kg/year the diameter is as approximately 3.5 m. A power-law regression

equation was fit to the reactor diameter using the fit function in MatlabTM:

𝐷 ≈ 0.235[±0.028]𝑁0.293[±0.014], (3.4)

where𝐷 is the reactor diameter, 𝑁 is the oxygen production level in kg/year, and 95%

confidence bounds are given. One would expect the diameter to grow with the square

root of production level: with a constant electrode separation the molten mass is

proportional to diameter squared, so for a linear increase in molten mass the diameter

should grow with the square root of production level. The observed power in the

diameter scaling law is less than the expected value because because of the sub-linear

growth in molten mass (plot d) as operating temperature increases. The molten mass

per batch grows from ≈25 kg at 1,000 kg/year to ≈150 kg at 10,000 kg/year. Previous

work [96] identified an optimal value of around 1.87 kg/batch, which differs from the
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results published here because those previous models models did not incorporate a

minimum electrode separation as described in Section 2.6.7. It appears that imposing

a minimum electrode separation drives the molten mass per batch significantly higher,

as the electrodes can no longer be extremely close together. The fact that the optimal

system has only one reactor also contributes to the observed increase in the molten

mass per reactor.

The current per reactor (plot e) intuitively increases almost linearly with oxygen

production level. Slight deviations from linearity occur due to the change in average

current efficiency as more species are electrolyzed at higher operating temperatures,

as detailed in Section 2.2.7.

The average reactor voltage (plot f ) decreases asymptotically from a value of ap-

proximately 13V at a production level of 1,000 kg/yr to around 5V above 10,000 kg/year.

This is a result of increased current through the reactor as shown in plot e – as the

current increases, voltage can decrease while still generating enough heat to maintain

the molten core. This value is slightly higher than previous work [95], which is likely

due to the new requirement that the average electrode separation be greater than or

equal to 2 cm, as detailed in Section 2.6.7.

The required current density (plot g) gradually rises with production level, from

2 A/cm2 at 1,000 kg/year to 4.5 A/2 at 10,000 kg/year. These values are suffi-

ciently within the values obtained in experimental hardware demonstration work, as

described in Section 2.6.7.

The MRE reactor design margin (plot h in Figure 3-6) remains relatively close to

the minimum bound of 1.0. As described in Section 2.6.3, a design margin greater

than 1.0 provides a measure of reactor operation flexibility by enabling a range of

feasible electrode separations that satisfy the joule-heated, cold-wall constraint. Fur-

thermore, the reactor standalone analysis presented in Section 2.7.2 indicates that

a lower design margin minimizes reactor mass and power, but limits the maximum

production level for a single reactor. The optimization scheme appears to favor ma-

nipulating the batch time (discussed below), rather than increasing design margin,

to access higher production levels. We observe here that the optimization scheme
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attempts to minimize the design margin, but this minimization hovers slightly above

1.0 to open up a range of feasible electrode separations as discussed in the next

paragraph.

The feasible range of electrode separations (plot i in Figure 3-6) demonstrates

two main points. First, the requirement that the average electrode separation be

greater than or equal to 2.0 cm clearly plays a critical role in the optimal design –

the optimization scheme appears to select designs with the minimal possible electrode

separation. This produces designs with an average electrode separation (the thick cen-

tral dashed line) directly along the lower bound of the electrode separation constraint.

Furthermore, the requirement that the minimum and maximum electrode separation

values are at least 0.5 cm apart (see Section 2.6.7) also drives the optimal design. The

thin upper and lower black dashed lines in plot i of Figure 3-6 depict the minimum

electrode separation bounds that satisfy this constraint, and the optimization scheme

clearly follows this constraint quite closely. The required electrode separation flexi-

bility is undoubtedly the cause behind the optimal design margin (plot h), in which

we observe the optimization scheme selecting the lowest possible design margin that

still satisfies this electrode separation range requirement.

The optimal batch time (plot j ) appears to start around 14 hr at a production

level of 1,000 kg/year. After rising to a value of 31 hr at 3,000 kg/year, the batch time

generally decreases towards an asymptote of approximately 24 hr. The dramatic rise

in batch time corresponds to the operating temperature crossing ≈2000K, at which

point the Highlands reactor can now extract more oxygen per kilogram regolith.

The batch time controls the current to molten mass ratio in the reactor – larger

batch times result in more molten mass per amp of current in the reactor for a given

production level. A batch time of around one day appears to provide enough molten

mass within the reactor to satisfy the minimum electrode separation requirement.

This is an interesting relationship that falls out of the modeling – because MRE

reactors extract so much oxygen from each kilogram of regolith, the batch times must

be higher to allow the sufficient regolith to dwell within the reactor.
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3.6 ISRU System Mass

Although the mass breakdown is shown in the upper left of Figure 3-6, it is shown

in more detail in Figure 3-7. The most significant mass drivers are the oxygen lique-

faction/storage system and reactor, both of which comprise 30% of the total system

mass at 10,000 kg/yr. The power system also plays an important role, contributing

25% of the system mass at 10,000 kg/yr. As mentioned in Section 3.2.5, the oxygen

storage system was designed to hold 6 months of oxygen production at any given

time, and this requirement may be relaxed depending upon the mission needs.
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Figure 3-7: The mass breakdown of the ISRU system processing Highlands regolith,
compared to other models from the literature.

Figure 3-7 also compares the mass predictions from this work to several linear

scaling laws in the literature. We see that the mass estimate for the reactor (blue area)

compares well to the predictions from all three scaling laws at low production levels,

but as production level increases the mass estimates from the MRE reactor model

begin to drop away from the linear scaling laws. The linear scaling laws presented by
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the Fertile Moon study (Belachgar et al. [13]) and Taylor and Carrier III [114] are

not directly cited from any previous work, but rather are described as coming from a

broad literature review. Both of these mass predictions are significantly less than the

results from the integrated ISRU system, but because the source of these numbers is

unknown, the cause of the discrepancy is not certain. It is likely that these scaling laws

do not include a power system and possible that they do not include a liquefaction

and storage system. Removing these two elements from our mass predictions results

in masses closer to the linear scaling laws, but we still observe a noticeable difference

in the intercept and slope of the mass predictions.

The total system mass curve was fit with the following power-law curve using the

fit function in MatlabTM:

𝑀 = 5.16[±0.94]𝑁0.622[±0.021] (3.5)

where𝑀 is the ISRU system mass, 𝑁 is the annual oxygen production level in kg/year,

and 95% confidence bounds are given. The fact that the coefficient in the exponent

is less than 1.0 implies that the ISRU system exhibits an economy of scale. That is,

the ISRU system produces higher quantities of oxygen more efficiently.

The three most massive elements in the system are the reactor (30% at 10,000 kg

O2/year), the liquefaction and storage system (30%), and the power system (25%).

The mass of the liquefaction and storage system can be reduced if some of the oxygen

is used for environmental system support and does not need to be liquefied and

stored. The liquefaction and storage system will also scale down as the oxygen storage

duration decreases – a storage duration of 6 months was used in this study, but shorter

storage times may prove viable for scenarios with higher oxygen demand.

As described in Section 3.2.6, the power system was modeled as a day-only solar

array using specifications from the latest ATK MegaFlexTM arrays. This mass may

go down with advances in thin-film solar arrays, but the reduction in area-specific

mass must be balanced by the decrease in cell efficiency for thin-film options.

The primary drivers of reactor mass were also investigated to lend clarity to the
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reactor mass estimate, as shown in Figure 3-8. The layer of refractory material lining

the interior the reactor is the largest driver of reactor mass, comprising 50% of the

total reactor mass at a production level of 10,000 kg O2/year. This is because the

refractory material has a significantly higher density than the insulation material

(although the structural material has a higher density, it is much less thick). The

second largest driver of reactor mass was the outer structural shell, comprising 24%

of the total reactor mass at a production level of 10,000 kg O2/year.

Oxygen Production Level (kg/year)

R
ea

ct
or

 M
as

s 
(k

g)

1000 2000 3000 4000 5000 6000 7000 8000 9000
0

50

100

150

200

250

300

350

400

450

500

Pre-Heater

Cathode

Anode

MLI
Refractory

Insulation

Structure

Figure 3-8: The mass breakdown of a Highlands MRE reactor over a range of oxygen
production levels. The refractory material contributes ≈50% of the reactor mass.

3.7 ISRU System Power

Although the power breakdown is given in the upper left of Figure 3-6, it is shown in

more detail alongside several models from the literature in Figure 3-9. The “Chemical

Electrolysis (∆𝐺)” section represents the power required to break the chemical bonds
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in the oxides in lunar regolith. The “Regolith Heating + Phase Change” section rep-

resents the power required to heat the regolith up from the ambient temperature to

the operating temperature, including the latent heat of melting in the phase change.

“Radiative Heat Loss” is the heat lost from the exterior of the reactor to the lunar

environment. The “Endothermic Makeup” slice depicts the amount of power required

to maintain thermal equilibrium throughout the endothermic electrolysis reaction.

Power demands for the “YSZ Separator”, “Feed System”, and “Liquefaction and Stor-

age” are also shown. The comparison to models from the literature reveals a number
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Figure 3-9: The power predictions from the ISRU system model compared to four
linear scaling laws from the literature.

of insights. First, the MRE reactor model’s estimate of the chemical electrolysis power

compares well with the linear scaling law presented in Hepp et al. [52]. The MRE

reactor model estimates are slightly higher because higher operating temperatures

enable the electrolysis of species that have a higher Gibbs Free Energy, increasing the
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average chemical electrolysis energy. Second, when we include the expected regolith

heating power our predictions compare well with Sherwood and Woodcock [98], and

reasonably well with Bock et al. [15]. Christiansen et al. [26] notes that Bock et al. [15]

only included the chemical electrolysis and heating power without any efficiencies, so

the similarity between that scaling law and that subset of our results is unsurprising.

Teeple [116] included the power to liquefy the product oxygen as well, which is why

that scaling law is higher than the others.

The total power was fit with the following power-law curve using the fit function

in MatlabTM:

𝑃 = 0.253[±0.033]𝑁0.588[±0.015], (3.6)

where 𝑁 is the oxygen production level in kg/year, 𝑃 is the power in kilowatts, and

95% confidence bounds are given. The fact that the coefficient in the exponent is less

than 1.0 indicates an economy of scale – that is, higher production levels can be met

with higher power efficiency. The non-linearity in the total process power raises some

doubt as to the fidelity of linear scaling laws.

Most importantly, we notice that our total power estimate is significantly higher

than other linear scaling laws in the literature. This is primarily due to the fact that

we include an estimate of radiative heat loss and the endothermic makeup power,

which together account for almost 2/3 of the total power at 10,000 kg O2/year. Due

to this discrepancy, back of the envelope calculations were carried out to provide a

sanity check on the radiative heat loss numbers. Consider the current running through

the molten region in the reactor. The resistance of the molten region (𝑅𝑚𝑜𝑙𝑡𝑒𝑛-𝑟𝑒𝑔𝑖𝑜𝑛)

can be approximated as:

𝑅𝑚𝑜𝑙𝑡𝑒𝑛-𝑟𝑒𝑔𝑖𝑜𝑛 ≈ 𝜌∆𝑒

𝜋(𝐷𝑒𝑓𝑓/2)2
, (3.7)

where ∆𝑒 is the electrode separation (inter-electrode distance), 𝜌 is the average re-

sistivity of the molten regolith, and 𝐷𝑒𝑓𝑓 is the effective diameter of the molten

region. The reactor designs in this study have diameters on the order of 2 m, which

with a diameter ratio of 0.15 results in an electrode diameter on the order of 0.3 m.
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The diameter of the molten region can be approximated by the electrode diameter

(𝐷𝑒𝑓𝑓 ≈ 0.3m). The average electrode separation was limited to be at least 2 cm

(see Section 2.6.7), and as shown in plot i in Figure 3-6, optimal designs always had

an average electrode separation around this limit (∆𝑒 ≈ 0.02m). From Figure 2.2.5,

the average resistivity 𝜌 = ¯(︀ 1
𝜎

)︀
can be estimated to be around 1/80 Ωm. With a

current of ∼3 kA (which gives an oxygen production level around 2500 kg/year), the

resistive heating in the molten core of the reactor will be on the order of 30 kW. In

fact, Colson and Haskin [29] hypothesized that “high melt resistivities coupled with the

large distance between electrodes that would seem to be required to make the approach

robust might make power requirements prohibitive...” for an MRE reactor. The results

presented here are now able to quantitatively describe the power requirements due to

the resistive heating in the molten region.

This is an important finding from the system modeling: the minimum electrode

separation requirement results in a significant amount of radiative heat loss. Previous

work [96] predicted relatively lower radiative heat loss due to the lack of a lower

bound on electrode separation, but the electrode separation distances required to

achieve such low heat loss are much too low for practical operation, as detailed in

Section 2.6.7. However, this radiative heat loss does not necessarily have to go to

waste. A few kilowatts of this resistive heating will go towards heating up fresh

regolith and supplying the heat to maintain a constant temperature in light of the

endothermic chemical reaction (Section 2.5.2). Future work can examine constructive

uses for this extra power from the reactor.

3.8 Regolith Type Dependence

The composition (and therefore type) of regolith has wide-ranging implications in the

MRE reactor model. As discussed in Section 2.2, almost all of the regolith material

property models contain a dependence on the type of regolith. Molten Highlands

regolith is less dense than Mare, so to accommodate the same mass of regolith a

Highlands reactor will be larger. The specific heat and latent heat of melting for
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Highlands regolith is around 5% more than Mare, so one can expect a slightly higher

heating power per kilogram Highlands regolith when compared to Mare regolith.

The electrical conductivity of Mare regolith is higher, so one would expect Mare

reactors to generate less resistive heating via the electrolysis current. Highlands

regolith has less FeO, which will lead to a higher average current efficiency. However,

FeO is one of the most chemically attractive electrolysis targets (low Gibbs Free

Energy and Enthalpy of Formation), so this may lead to higher power requirements

for Highlands regolith. The multiphysics regression trends were created for Highlands

and Mare regolith separately, so the coefficients in the scaling equations for diameter,

electrode separation, and wall thermal conductivity depend on the regolith type.

The MRE reactor model takes all of these considerations into account. From the

standalone analysis of the reactor model in Figure 2-28, the differences in reactor mass

and power based on regolith type also depend heavily on operating temperature. It

is important to note that the results presented in Figure 2-28 are for a fixed (non-

optimized) batch time and design margin, while the optimization scheme was allowed

to set those variables in the results presented here.

The optimized mass and power estimates of the MRE-based ISRU system for

Highlands and Mare regolith are presented in Figure 3-10. Quite surprisingly, the op-

timized mass of the entire ISRU system appears to have little dependence on regolith

type although a slight decrease in power required for Mare regolith is observed.
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Figure 3-10: The optimized mass and power of an MRE-based ISRU system for
Highlands and High-Ti Mare regolith types.
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Although the total mass and power of the Highlands and Mare ISRU systems

were similar, the allocation of the mass and power amongst the subsystems displayed

more variation. The mass and power breakdowns shown in Figures 3-7 and 3-9

were normalized by oxygen production level and compared side-by-side, as shown in

Figure 3-11.
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Figure 3-11: The specific mass and power for each subsystem in the ISRU system for
systems optimized for Highlands regolith (solid line) and Mare regolith (dashed line).

For the specific mass of each subsystem (left of Figure 3-11), the Highlands sys-

tem requires a slightly larger power system due to the larger power requirement for

Highlands regolith seen on the right in Figure 3-10. At mid-range production levels,

the Mare system requires larger excavation and hopper systems. This comes directly

from the oxygen extraction ratio data shown in Figure 2-21. Between operating tem-

peratures of 2000K to 2250K more oxygen can be extracted per kilogram regolith

from Highlands regolith as compared to Mare. As shown in Figure 3-6, between pro-

duction levels of 2000 kg/year and 9000 kg/year the optimal operating temperature

is within this range, indicating that a Highlands reactor will have a lower regolith

throughput requirement. At higher production levels this discrepancy disappears as

the optimal Mare reactor exceeds the 2250K threshold.
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An additional result seen in the left plot of Figure 3-11 is that most of the specific

mass numbers decrease with production level. That indicates that at higher produc-

tion level the mass of most subsystems should decrease relative to the production

level to enable more mass-efficient oxygen production.

For the reactor specific power shown on the right of Figure 3-11, the primary

difference between Highlands and Mare regolith is that Mare reactors produce less

radiative heat loss than Highlands. This is due to the fact that Mare regolith has a

higher electrical conductivity (see Section 2.2.5), so less heat is generated in the molten

region by the electrolysis current. Mare regolith has a higher power requirement for

regolith heating (green line), due to the increased regolith throughput requirements

discussed two paragraphs above. Highlands regolith requires around 5% more power

for chemical electrolysis (blue lines on the right of Figure 3-11). This is due to the

fact that Highlands regolith has a lower concentration of iron oxide (FeO), which

has the lowest Gibbs Free Energy of Formation out of the primary oxides in lunar

regolith. When electrolyzing Highlands regolith, a larger portion of the electrolysis

current must be spend electrolyzing higher-energy species, such as silica (SiO2).

To better understand the effects of regolith type on the optimal ISRU system

design, the trends in the optimal design variables were compared for Highlands (solid

lines) and High-Ti Mare (dashed lines) regolith as shown in Figure 3-12. A number

of important trends are visible in the data. First and foremost, the designs are sur-

prisingly similar across most design variables. The diameters of the Highlands and

Mare designs are almost indistinguishable and both optimal designs favor one reac-

tor over many. The operating temperature displays similar trends for both regolith

types, but Highlands regolith starts at a slightly higher temperature and at higher

production levels appears to favor slightly lower operating temperatures than Mare

regolith. This is likely due to the difference in liquidus temperature between the two

types of regolith observed in Figure 2-10.

Mare regolith requires more current to produce the same amount of oxygen due

to the lower current efficiency observed in Figure 2-21, which also results in a slightly

higher required current density for optimal designs. On the other hand, Highlands
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regolith requires a higher voltage due to the lower electrical conductivity of Highlands

regolith (see Section 2.2.5) and the imposed 2 cm minimum electrode separation (see

Section 2.6.7). For both regolith types the design margin stays relatively close to 1.1

to enable the feasible electrode separation range observed in the lower left plot of

Figure 3-12. The only deviation occurs at low production levels for Mare regolith,

where it requires a design margin of ≈1.35. This could possibly be a result of the

optimization scheme being unable to locate the optimal solution with a lower design

margin.

The biggest difference between Highlands and Mare reactors is the batch time.

For Highlands regolith the batch time dramatically rises as the operating temperature

crosses 2000K, at which point the Highlands reactor can extract significantly more

oxygen per kilogram regolith (see Figure 2-21). Because no such jump occurs with

the Mare regolith, the batch time remains somewhat lower and gradually rises with

production level. Overall, the comparison of Highlands to Mare regolith reveals that

the optimal design does not significantly change with regolith type, though minor

differences are observed.

3.9 ISRU System Production Utility

With any ISRU system, it is important to compare the utility of the system to a

baseline concept of simply bringing along the resources from Earth. Figure 3-13

shows the annual oxygen production normalized by the mass (left) and power (right)

of the complete ISRU plant, which are measures of the plant efficiency. It is clear

that at higher production levels an MRE-based ISRU system is able to produce more

oxygen per unit plant mass and power. The oxygen production level normalized

by system mass increases with production level, indicating that the ISRU system

utilizing an MRE reactor can meet higher production levels more efficiently. Within

the production levels studied in this work, the maximum efficiency of 6.2 kg oxygen

per kilogram ISRU system mass was observed at the maximum production level of

10,000 kg/year. The data indicates that higher numbers should be easily attainable
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Figure 3-13: The oxygen production level normalized by ISRU system mass (left) and
ISRU system power (right) for both Highlands and High-Ti Mare regolith.

at higher production levels.

The following regression equation, which has a horizontal asymptote as 𝑁 → ∞,

was fit to each data set shown in Figure 3-13:

𝑁𝑀 = 𝑁𝑀∞ exp

(︂
𝐴𝑀

𝐵𝑀 + 𝑁

)︂
𝑁𝑃 = 𝑁𝑃∞ exp

(︂
𝐴𝑃

𝐵𝑃 + 𝑁

)︂
,

(3.8)

where 𝑁𝑀 and 𝑁𝑃 are the mass-specific and power-specific production levels shown

in Figure 3-13, 𝑁 is the production level in kg O2/year, and 𝑁𝑀∞, 𝑁𝑃∞, 𝐴, 𝐵

are regression coefficients. The regression coefficients 𝑁𝑀∞ and 𝑁𝑃∞ represent the

mass- and power-specific production levels at a production level of infinity (i.e. the

value of the horizontal asymptote) and thus provide a good measure of the maximum

performance that can be expected from the ISRU system at high production levels.

The regression coefficients for Equation (3.8) are given in Table 3.2.

From the coefficient 𝑁𝑀∞ in Table 3.2, one can expect to extract oxygen at a

maximum rate of 8.8 and 9.2 (kg O2/year)/(kg system mass) for Highlands and

High-Ti Mare regolith, respectively. These numbers are based off of the assumption

the there is a limit to the specific oxygen production numbers, which the data in

Figure 3-11 does not necessarily suggest. From this work, values on the order of

9.0 (kg O2/year)/(kg system mass) appear attainable but do not represent any sort
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Table 3.2: The regression coefficients for the mass-specific and power-specific oxygen
production performance of an MRE-based ISRU system.

Highlands High-Ti Mare
N𝑀∞ 8.80± 0.43 9.21± 0.71
A𝑀 4241± 671 4773± 1111
B𝑀 2405± 474 2653± 739
𝑅2

𝑎𝑑𝑗 0.999 0.998

N𝑃∞ 310.6± 27.4 382.6± 57.5
A𝑃 8454± 1707 10890± 3277
B𝑃 4815± 915 5878± 1553
𝑅2

𝑎𝑑𝑗 0.999 0.998

of theoretical limit on the production efficiency of lunar ISRU systems. This means

an MRE-based ISRU system can produce its own mass around 9 times each year.

Another way to interpret this value is to calculate the number of days until the plant

produces its mass in oxygen. Using the data in Figure 3-13, it was determined that at

an oxygen production level of 10,000 kg O2/year, it takes around 59 days for the ISRU

system to achieve mass pay-back and produce its mass in oxygen. At a production

level of 1,000 kg O2/yr, it will take 146 days to achieve mass pay-back.

It should be noted that this analysis does not include economic considerations,

future work will investigate the price of oxygen produced and the cost of developing

and emplacing the ISRU system. For this analysis, examining the mass pay-back

point provides a first-order surrogate for determining the tipping point in system

utility.

3.10 ISRU System Visualization

A computer-aided design (CAD) model of the ISRU system was created to visualize

the optimal system designs. Figure 3-14 illustrates the CAD model of the ISRU

system that will produce 1,000 kg O2/year using Highlands regolith with a 50%

operating duty cycle. The “pie”-shaped MRE reactor is pictures in the foreground

with the regolith hopper and auger on the left and the YSZ separator on the right.

The two oxygen storage tanks are pictured on the right side of the scene and the solar
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arrays in the background. A human is included to provide a sense of scale. Recall

that the hopper was sized such that it could hold 3 days worth of regolith throughput.

The small size of the hopper is indicative of the high oxygen extraction efficiency, and

resultant low regolith throughput requirement, of MRE reactors.

Figure 3-14: A CAD model of an ISRU system to produce 1,000 kg O2 per year.,
including the solar array power system (left), MRE reactor (front), regolith hopper
and auger (front left), YSZ filter (front right) and oxygen storage system (right).

Figure 3-15 displays the ISRU system designed to meet a production level of

10,000 kg O2/year. The system is naturally larger than the 1,000 kg O2/year system,

but as the mass estimates in Figure 3-7 would suggest, the growth is less than linear

with production level.

The CAD models depicted in Figures 3-14 and 3-15 serve to aid the reader in

visualizing the MRE-based ISRU system. The dimensions of each components are

taken from the analytical sizing models, but the relative location of each subsystem,

as well as the design of the minimal support structures for the MRE reactor, solar

panels, and oxygen storage tanks are not a direct result of this analysis but rather

were estimated to aid in visualizing the system.
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Figure 3-15: A CAD model of the ISRU system, including the solar array power sys-
tem (left), MRE reactor (front), regolith hopper and auger (front left), YSZ separator
(front right) and oxygen storage system (right). The 3x3 grid of solar arrays extends
out of the image.

3.11 ISRU System Modeling Summary

This chapter presented estimates of the mass and power of an optimized ISRU system

to extract oxygen from lunar regolith. The MRE reactor model developed in Chap-

ter 2 was integrated with models for a power system, excavator, hopper, regolith feed

system, and oxygen liquefaction and storage systems described in Section 3.2. The

inputs and outputs of each model in the integrated system were interconnected to

capture the coupled nature of the system, as described in Section 3.3.

This integrated model was leveraged in a hybrid genetic-algorithm/gradient-based

optimization scheme, described in Section 3.4, to generate optimized system designs

across a range of oxygen production levels as presented in Section 3.5. The trends in

the ISRU system mass and power exhibited an were presented in Sections 3.6 and 3.7,

and major drivers of mass and power were identified. The dependence on regolith

type was explored in Section 3.8, and it was found that an MRE-based ISRU system

functions quite similarly on Highlands and Mare regolith.
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The utility of an MRE-based ISRU system was assessed to determine that at a

production level of 10,000 kg O2/year, the ISRU system can produce over 6 kg of

oxygen per kilogram system mass. Higher production efficiencies, exceeding 9 kg of

oxygen per kilogram system mass, can be accessed at higher production levels.
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Chapter 4

Conclusions

4.1 Drivers of ISRU System Mass and Power

Several drivers of ISRU system mass are identifiable in Figure 3-7. The oxygen

liquefaction and storage system and the MRE reactor comprise 30% of the total

system mass each. The mass of the oxygen storage system can be reduced if the

storage time of oxygen (6 months in this work) can be reduced based on mission

demand. The reactor mass appears to be primarily driven by the dense refractory

material that was used to line the interior of the reactor. This material needed to

be thick enough to protect the reactor shell from possible random contact with the

corrosive molten regolith for short periods of time. Reactor mass could be saved

if this material could be thinner in areas where little contact with molten regolith

is expected, or if a suitable material with a lower density (<2700 kg/m3) can be

identified. Reductions in density of the insulation and structural shells would also

have a significant impact on reactor mass and therefore ISRU system mass.

The largest driver of reactor power is the radiative heat loss. As shown in

Figure 3-9, radiative heat loss accounts for around 50% of the reactor power at

10,000 kg O2/year. There does not appear to be much that can be done to reduce this

driver of reactor power, though it can likely be used constructively. As discussed in

Section 3.6, the mental model of simply adding on more insulation to reduce heat loss

is not a viable solution for an MRE reactor. With an MRE reactor, there is a heat
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source in the central core of the reactor, which is caused by the electrolysis current

running through the resistive molten core. The current cannot be reduced without

sacrificing production level and the separation between the electrodes cannot grow

too small, effectively fixing the resistance between the electrodes for a fixed electrode

diameter. With a fixed current and resistance, the power generated via resistive heat-

ing cannot be reduced. When the reactor current is on the order of a few kiloamps,

the heat generated can be on the order of a few tens of kilowatts. A portion of this

heat can go towards heating fresh regolith and making up for the endothermic nature

of the electrolysis reaction (though this is not assumed in this study). One promising

avenue for mitigating the radiative heat loss are thermoelectric generators, which can

be used to convert some of the thermal energy back to electric energy.

The radiative heat loss could be reduced by reducing the electrode separation of

the reactor, but there are practical issues that arise when the electrodes become too

close together. A more likely solution may involve increasing the reactor diameter

to increase the diameter of the molten region, which will lower the resistance of the

molten region and thus the radiative heat loss (though this must be done in tandem

with a decrease in wall conductivity to offset the trends seen in Figure 2-20). This

reduction in reactor heat loss will likely come at the cost of an increase in reactor

mass. Although this tradeoff between mass and power was optimized in this model,

using a higher specific mass number for the power system may drive the optimal

design towards a lower radiative heat loss at the cost of higher reactor mass.

Another possible solution would be tailoring the regolith to increase the conduc-

tivity of the melt, as is often done in the metal production industry. One downside

of this approach is that it necessitates bringing additional material to facilitate the

reaction, and thus it may not be desirable. One promising trend in the radiative heat

loss is the significantly sub-linear nature of its growth. Figure 3-9 shows how the

radiative power is 24 kW at 5,000 kg/year and only 20% more (29 kW) at double the

production level (10,000 kg/year). Thus, radiative heat loss will play a decreasingly

important role for a single reactor at higher production levels.

142



4.2 Optimal MRE Reactor Design Characteristics

The optimal characteristics of an MRE-based ISRU system also yielded some inter-

esting insights. At production levels up to at least 10,000 kg/year, a single larger

reactor is preferable to multiple smaller ones, but this may or may not hold at higher

production levels beyond the range in this study. For Highlands regolith, the opti-

mal operating temperature gradually rises with production level, increasing oxygen

extraction efficiency from 33% of the available oxygen (15 kg O2/100 kg regolith) at a

production level of 1,000 kg/year to 83% of the available oxygen (37.5 kg O2/100 kg

regolith) at a production level of 10,000 kg/year. Extracting 100% of the oxygen in

lunar regolith requires prohibitively high temperatures (>2900K) and thus does not

appear feasible at this point in time.

The current required is roughly on the order of 1 kA/mT O2, with voltages around

10 V at low production levels and 3 V at higher production levels. Batch times around

30 hr indicate a preference towards longer residence times to satisfy the 2 cm electrode

separation gap requirement. Shorter batch times result in less molten regolith in the

reactor at any given time, which makes it more difficult to satisfy the minimum

electrode separation requirement.

Operational flexibility for an MRE reactor is incorporated into the model by re-

quiring a range of feasible electrode separation distances that ensure the joule-heated,

cold-wall operation. This is brought about via a design margin greater than one, as

described in Section 2.6.3. Figure 3-12 demonstrates that a range of electrode sep-

arations can be made feasible for both Highlands and Mare regolith. This will be

critical in implementing a control system to regulate reactor temperature.

The diameter of the reactor grows from 1.8 m at 1000 kg/year to 3.5 m at

10,000 kg/year. This reactor size will fit within the 5 m Delta IV-heavy payload

fairing envelope [8] and the >8 m proposed SLS payload fairing envelope [105]. The

power-law equation fit to the trends in reactor diameter (Equation (3.4)) were extrap-

olated to determine that a reactor capable of producing 186 mT O2 per year could

fit within the proposed SLS payload fairing.
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Another important finding from this study is the appropriate scaling of electrode

separation with reactor diameter. Figure 2.6.4 shows how the electrode separation

must increase with reactor diameter to enable the joule-heated, cold-wall operating

condition. As reactor diameter increases, the larger electrode separation is required

to generate enough heat to sustain the central molten core. Although an exponen-

tial fit was used in this work, perhaps a higher-order polynomial fit would also be

appropriate.

4.3 MRE Reactor Feedstock Sensitivity

The comparison of the optimal MRE reactor designs between Highlands and Mare

regolith provides some insight into the flexibility of an MRE reactor. The optimal

design characteristics shown in Figure 3-12 demonstrate that the optimal design of

an MRE reactor does not significantly vary with the type of regolith. This means

that MRE reactors appear to be robust to variability in regolith composition without

significant performance degradation. Although Highlands regolith results in a slightly

higher power requirement, the mass of the entire system (including the power system)

is not significantly higher than that of Mare reactors.

4.4 ISRU System Mass and Power Scaling

Our results yield a number of insights concerning the growth of a lunar ISRU system

with production level. As discussed in Sections 3.6 and 3.7, both the mass and power

of an MRE-based ISRU system exhibit an economy of scale. This means that the

mass and the power of the ISRU system grows less than linearly with production level

and higher production levels can therefore be achieved more efficiently.

There are a few primary drivers behind the observed economy of scale. For reactor

power, the radiative heat loss grows much less than linearly (see Figure 3-9). That is,

the radiative heat loss for an MRE reactor does not grow significantly with production

level.
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For reactor mass, the oxygen storage system is a cylindrical tank with hemisphere

end caps, which inherently has a less than linear growth in mass with storage capac-

ity. Also, as observed in Figure 3-8, the reactor mass grows less than linearly with

production level, contributing to the economy of scale. This is due to the cylindrical

nature of the reactor. Furthermore, because the power exhibits an economy of scale,

the mass of the power system naturally exhibits an economy of scale as well.

4.5 The Utility of Lunar ISRU

The total mass of the ISRU system capable of producing 10,000 kg of oxygen each

year is approximately 1,600 kg. For comparison, this is significantly less than the

wet mass of the Apollo ascent stage (4,819 kg [6]). Similarly, the maximum diameter

of the reactor from this study (3.5 m) is also less than the diameter of the descent

module (4.2 m [6]).

On a more rigorous level, the oxygen production normalized by system mass

(termed “production efficiency”) can be used to assess the utility of a lunar ISRU

system in a given mission architecture. Ishimatsu et al. [55] studied the value of

lunar ISRU in a Mars exploration architecture and found that production efficiencies

above 5.0 (kg O2/yr)/(kg system mass) were required to make lunar ISRU pay off

in a Mars exploration scheme. They do acknowledge that their model does not take

into account the time-cost of deploying the lunar ISRU infrastructure, so this number

must be taken as a rough estimate rather than a defining quantity. Ho et al. [53]

addressed the time cost of emplacing lunar ISRU and found that for a production

efficiency of >1.0 (kg O2/yr)/(kg system mass), lunar ISRU can be used to reduce

the total mass that much be launched from Earth for a Mars exploration architecture.

For production efficiencies above 5.0 (kg O2/yr)/(kg system mass), the mass of the

lunar ISRU system actually exceeded that of the Mars ISRU system. Naturally, all

of these numbers depend on the assumptions made, but they provide some indication

of the production efficiency that a lunar ISRU system must be capable of to reducing

the total mass that must be launched from Earth for a Mars exploration campaign.
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The production efficiency values calculated from the analytical hardware sizing

models in this study (shown in Figure 3-13) indicate that an MRE-based ISRU sys-

tem can indeed exceed these thresholds. The regression curves in Equation (3.8)

predict production levels on the order of 9.0 ((kg O2/year)/kg system mass) at high

production levels for both Highlands and Mare regolith, and this value does not nec-

essarily represent a ceiling on production efficiency. This means that an MRE-based

ISRU system is expected to produce the entire system’s mass around 9 times each

year. Our results, when combined with two previous analyses [55, 53], in-

dicate that lunar ISRU has a high potential for reducing the total mass

required for a Mars exploration campaign.

4.6 MRE Reactor Future Work

Fixed Reactor Design Variables

The design variables considered in this study included reactor diameter, electrode

separation, and wall thermal characteristics (thermal resistance). Future work can

examine the impact of the ratio of electrode diameter to reactor diameter. A prelimi-

nary case study revealed that a value of 15% provided a suitable balance between the

molten mass and operating temperature requirements. This value agrees well with

range of 0.083 to 0.017 used in industrial electric slag furnaces [60]. Future work can

further examine the impact of and optimal value for this design parameter.

This study also utilized a uniform thermal design around the entire exterior of

the reactor – the thermal conductivity and wall emissivity were the same on the

top, bottom, and sides of the MRE reactor. Future work can analyze the optimal

insulation topology of the reactor, because allowing for different thermal resistances

on the top, bottom, and sides of the reactor may provide an avenue for extending

production range and efficiency.

An interesting avenue for future work would be to address operating pressure.

For this study, the MRE model used a fixed operating pressure of 101.3 kPa, but

lower pressures may improve reaction kinetics and enable a thinner structural shell
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on the reactor. Additionally, a dependence upon operating pressure for the regolith

material properties could also be added to the model to better understand the impact

of operating pressure.

Multiphysics Simulation

The multiphysics simulation was extended from that presented in Schreiner et al.

[95] to include current values of up to 3 kA, which equates to an oxygen production

level of around 2500 kg O2/year. Future work can generate addition data at higher

currents to better understand the reactor scaling at higher production levels.

In terms of the multiphysics simulation, convective heat transfer was omitted from

the model for two reasons. First, it would increase the simulation convergence time

by several orders of magnitude, which would make the time to generate the data

for the design methodology unreasonably long. Second, there is some uncertainty

as to whether or not the thermal conductivity data presented in Section 2.2.4 from

Eisenhüttenleute [38] contains a convective contribution as well. It is possible that

this data represents both the convective and conductive heat transfer in the molten

materials. Future work can further investigate this issue to ensure that the thermal

modeling is accurate. Surface tension may also play a larger role in the 1/6-g lunar

environment, so modeling this phenomenon may also prove useful.

Electrode Designs

More complex anode and cathode designs can also be utilized to increase reactor

performance. The shaft-and-plate designs used in this study were chosen because they

could be implemented in an axially-symmetric simulation for fast solver convergence,

but Sibille and Dominguez [99] demonstrated that a waffle-shape anode can increase

current density by around 33%.

Modeling anode and cathode life is also an area of future work. Although the

MIT experiments determined that Iridium anodes experienced corrosion rates on the

order of 7.7 mm/year [124], this rate is derived from a relatively short operational run

at low current. As more material lifetime data becomes available, the MRE reactor
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model could be updated to size the anode and cathode based on a certain design life

to ensure that the anode remains intact throughout operation.

Operational Considerations

As mentioned in Section2.5.3, the reactor model current attempts to operate in a

manner in which the voltage and current are varied inversely to achieve constant power

operation. This results in approximately the same thermal performance, but the

amount of power going towards breaking the oxide chemical bonds and endothermic

heating will vary with the oxide specie being preferentially electrolyzed. Future work

can adjust the constant-power operational methodology to create a constant-heat

generation power mode, such that the reactor performs similarly from a thermal

perspective no matter which specie is being electrolyzed.

The density of the leftover slag decreases while the density of the molten metal

pool increases as more SiO2 is reduced. This can lead to a potential density inversion

issue, especially for Highlands regolith. Future work can address this issue in more

detail, as this model was limited to discrete oxide specie reduction, while in reality

multiple oxide species will be reduced concomitantly, perhaps rendering the density

issue irrelevant.

The issue of reactor start up also must be included in the reactor model. For this

study, a day-only power source with no energy storage was assumed, such that the

reactor is operating only during the day. This is not ideal, as it requires frequent

reactor cycling for start-up and shutdown. Solar concentrators could perhaps be used

to supply the start-up thermal energy, though industrial electrolysis cells are often

started by striking an electric arc in a manner similar to an electric arc furnace. Future

work can address the tradeoff of utilizing a solar power source without energy storage

that requires a start-up/shutdown procedure versus a continuous power source that

undergoes start-up and shutdown much less frequently.

From an electrochemical perspective, the electrolysis process can certainly be bet-

ter understood. Utilizing proper activity coefficients for the Gibbs Free Energy and

Enthalpy of Formation data, to account for the phase differences and slag composi-
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tion would be a good addition to the MRE reactor model. For instance, the Gibbs

Free Energy of MgO and SiO2 become quite close around temperature of 2200K –

but these would be affected by the fact that there is relatively more SiO2 than MgO.

The electrical conductivity was assumed to remain constant throughout a batch.

Although this may prove relatively true for a continuous-operation scheme, a higher

fidelity simulation could also model the changing electrical conductivity in a manner

similar to the liquidus temperature analysis presented in Section 2.3. Haskin et al.

[45] conducted an analysis of this nature, which could be used as a starting point

for this future work. The optical absorption length, as well as other regolith ma-

terial properties also will depend on the changing melt composition throughout the

electrolysis process – including this dependence in the model would prove useful.

The withdrawal of molten metal from an MRE reactor also was not included in this

model – although the molten metal may simply be tapped out in a manner similar to

that used by the steel industry, more complex techniques have been investigated [106].

Whichever technique is used, the mass associated with the hardware must be included.

4.6.1 Low Power Mode

The trends in reactor power observed in Figure 3-9 do not scale down to low produc-

tion levels well. We caution against the use of this reactor model for production levels

below ≈100 kg/year, as the model was primarily designed to understand the scaling of

reactor mass and power to production levels in a full mission support scenario. Thus,

further work will be required to determine how to effectively design low-power MRE

reactors for early technology demonstration missions. As mentioned in Section 3.6,

lower power may be achieved by somehow increasing the conductivity of the molten

regolith melt (perhaps by adding a supporting electrolyte). Using closer electrode

separation distances (<2 cm) will also bring down the total power if such distances

can be achieved while avoiding shorting out the reactor.
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4.7 ISRU System Future Work

There are a number of items that can be addressed in future work in addition to

those listed for the MRE reactor model in Section 4.6. The excavator system model

currently does not produce an estimate of the energy consumed by the excavator,

which would be an important addition to future models. Since the model’s creation,

newer excavation theory and models have also been developed [92, 128, 129], which

can be used to build a higher fidelity excavation model.

As mentioned in Section 3.2.4, the auger model is not yet parametrically sized

to meet a given regolith insertion mass and time. Future work can dynamically size

the radius and rotation rate of the auger to meet a specified insertion time that is

compatible with the reactor model. This subsystem coupling would better inform

an optimal reactor fill time and batch time. Furthermore, the mass of the motor to

drive the auger is yet unaccounted for in the system model, although the power is

calculated and taken into account.

Future design iterations can also focus on including a spare parts analysis to more

accurately determine the holistic mass of a less-than-ideal ISRU system.

Naturally, the mass payback ratio used in Section 3.9 serves only as a surrogate

for determining the actual feasibility and applicability of a lunar ISRU system. Blair

et al. [14] noted that “a positive mass-payback relationship does not guarantee an

economic benefit.” A proper mission-level architecture analysis is required to assess

the true benefit of using lunar ISRU for a particular mission scenario. The specific

production levels shown in Figure 3-13 serve as a good interface between the hardware

design-level analysis presented here and the architecture study analyses.

Another avenue of future work is to integrate other reactor models, such as those

for Hydrogen Reduction of Ilmenite [48] or Carbothermal Reduction of Silicates [11]

discussed in Section 1.1.3. This would allow for a more quantitative comparison

between these three techniques to better understand the proper applicability of each

oxygen extraction method.

One clear avenue of future work is investigating constructive uses for the significant
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radiative heat loss from the reactor. Although this heat must be produced due to

resistive heating within the reactor molten region, it does not necessarily have to go

to waste. One obvious use would be preheating the regolith prior to insertion into

the reactor. Thermoelectric generators may also be able to recuperate a large portion

of the radiative heat loss, dramatically reducing the total power required to produce

oxygen.
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Appendix A

Cutoff Line Design Justification

As mentioned in Section 2.6.1, the reactor design is largely driven by the cutoff lines

between infeasible and feasible designs. Here, we provide a brief justification for

designing on these cutoff lines. An examination of Figure 2-15 may cause one to

wonder if perhaps designing further away from the cutoff line could result in more

optimal designs.

To this end, the heat loss of the reactor was studied to better understand the

impact of the cutoff lines. Figure A-1 shows the heat loss (left) and heat loss divided

by the mass of molten regolith in the reactor (right) for a range of diameters (x-

axis) and electrode separations (each line). From the heat loss plot (left), it becomes

immediately clear that moving away from the cutoff line directly increases heat loss.

From this perspective, it would appear that staying on the cutoff line results in

the minimal heat loss. The plot of heat loss divided by molten mass (right) sheds

additional light on the issue. It is straightforward to see that moving away from

the cutoff line while staying on a line of constant electrode separation results in an

increase in heat loss per molten mass.

There is a caveat to this trend, in that moving away from the cutoff line while

increasing electrode separation (moving from the green to the black line) has the

possibility of decreasing the heat loss per molten mass. Thus, if we have a required

amount of molten mass (from the oxygen production level) it may be possible to

reduce the heat loss by moving slightly off the cutoff line. Although this may result is
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slightly less heat loss per kilogram molten regolith in the reactor, this effect is not very

significant. That is, the slope of this line is quite shallow and moving significantly

away from the cutoff line quickly encounters a dramatic increase in heat loss per

kilogram regolith.
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Figure A-1: The heat loss (left) and heat loss divided by molten mass (right) for an
MRE reactor. Infeasible designs, where molten material has touched the wall, are
crossed out in red.
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Appendix B

Derivation of Nonlinear Regression

Equations

When fitting nonlinear, multivariate equations to the data from the multiphysics sim-

ulation, it was necessary to determine the appropriate form of the nonlinear equations.

Figure B-1 shows the radial profiles for temperature and phase (solid vs. molten) in

the regolith in the MRE reactor simulated using the COMSOL simulation described in

Section 2.5. The four different colored lines represent four different values of the wall

thermal conductivity (all references to “conductivity” in this section refer to thermal

conductivity).

A few key conclusions can be drawn from Figure B-1. First, the temperature at the

center of the reactor appears to remain relatively constant with changing wall thermal

conductivity. There is a slight decrease in the central temperature with higher wall

conductivity, but this effect appears to be on the order of a few kelvin. Second, the

exterior wall temperature remains virtually fixed irrespective of wall conductivity.

This is somewhat intuitive, the reactor has to dissipate the heat generated by the

electrolysis current passing through the resistive melt. The value of this required heat

loss does not depend on wall conductivity and must be transferred to the environment

via radiation, which is proportional to the external wall temperature (𝑇𝑜𝑢𝑡)
4. Thus,

𝑇𝑜𝑢𝑡 should not depend strongly on wall conductivity.

Figure B-1 shows that increasing the conductivity of the reactor lowers the slope
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Figure B-1: The radial temperature and phase indicator profiles from the multiphysics
simulation of an MRE reactor with different wall thermal conductivities.

of the temperature profile within the wall, which lowers the temperature profile in

the regolith. The drop in temperature within the reactor results in a smaller molten

zone. To generate an analytical relationship for this effect, a linearized model of the

radial temperature profile (and phase indicator) was developed, shown in Figure B-2.

This model assumes that the temperature at the outer wall and central core of the

reactor remains fixed regardless of wall conductivity. Furthermore, the model assumes

a linear temperature profile within the regolith and the reactor wall.

Under these assumptions, we can derive an analytical relationship between wall

conductivity, diameter and molten mass within the reactor. The radial temperature

distribution within the regolith, 𝑇 (𝑟), can be modeled as:

𝑇 (𝑟) = 𝑇𝑐𝑒𝑛𝑡𝑒𝑟 − (𝑇𝑐𝑒𝑛𝑡𝑒𝑟 − 𝑇𝑤𝑎𝑙𝑙−𝑖𝑛)

(︂
𝑟

𝑟𝑟𝑒𝑎𝑐𝑡𝑜𝑟

)︂
, (B.1)

where 𝑇𝑐𝑒𝑛𝑡𝑒𝑟 is the temperature at the center of the reactor, 𝑇𝑤𝑎𝑙𝑙−𝑖𝑛 is the temperature

at the inner wall of the reactor, and 𝑟𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is the radius of the inner reactor wall.
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Using the conductive heat equation with a fixed outer wall temperature (𝑇𝑤𝑎𝑙𝑙−𝑜𝑢𝑡),

the temperature at the inner reactor wall can be calculated as:

𝑇𝑤𝑎𝑙𝑙−𝑖𝑛 = 𝑇𝑤𝑎𝑙𝑙−𝑜𝑢𝑡 +
𝑄̇

𝑘𝑤𝑎𝑙𝑙

∆𝑥, (B.2)

where 𝑄̇ is the heat loss through the wall, 𝑘𝑤𝑎𝑙𝑙 is the wall conductivity, and ∆𝑥 is

the wall thickness. Substituting Equation B.2 into Equation B.1, we get:

𝑇 (𝑟) = 𝑇𝑐𝑒𝑛𝑡𝑒𝑟 −
(︂

(𝑇𝑐𝑜𝑟𝑒 −
(︂
𝑇𝑤𝑎𝑙𝑙−𝑜𝑢𝑡 +

𝑄

𝑘
∆𝑥

)︂)︂(︂
𝑟

𝑟𝑟𝑒𝑎𝑐𝑡𝑜𝑟

)︂
. (B.3)

Equation B.3 can then be used to solve for the radius of the phase boundary

by calculating at what radius the temperature crosses the solidification temperature

[𝑟𝑠𝑜𝑙𝑖𝑑 ≡ (𝑇 (𝑟𝑠𝑜𝑙𝑖𝑑) = 1500𝐾)]:

𝑟𝑠𝑜𝑙𝑖𝑑 =
(𝑇𝑐𝑒𝑛𝑡𝑒𝑟 − 1500𝐾)

𝑇𝑐𝑒𝑛𝑡𝑒𝑟 − (𝑇𝑤𝑎𝑙𝑙−𝑜𝑢𝑡 + 𝑄̇
𝑘𝑤𝑎𝑙𝑙

∆𝑥)
(𝑟𝑟𝑒𝑎𝑐𝑡𝑜𝑟). (B.4)

The molten mass (𝑀𝑀) within the reactor will be proportional to the radius of
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the molten region squared, resulting in the following relation:

𝑀𝑀 ∝ (𝑟𝑠𝑜𝑙𝑖𝑑)
2 =

(︃
𝑚𝑚1

𝑚𝑚2 + 𝑚𝑚3

𝑘𝑤𝑎𝑙𝑙

*𝐷

)︃2

, (B.5)

where 𝑚𝑚𝑖 are regression coefficients and 𝐷 is the inner diameter of the reactor.

Here we note that molten mass will not only be proportional to the radius squared

(as shown in Equation (B.5)), but also to the electrode separation. The electrode

separation is also proportional to diameter, due to the geometry scaling of the reactor

to stay on the cutoff line, as shown in Figure 2.6.4. Thus, Equation B.5 was not used

as the regression equation, but rather was used as a starting point for developing the

nonlinear, empirical regression equations presented in Section 2.6.2.
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Appendix C

Regression Equation Coefficients

This appendix presents the regression coefficients to the nonlinear, multivariate equa-

tions that were fit to the multiphysics simulation data.

Table C.1: The regression coefficients for Equation 2.20, which predicts the molten
mass within the reactor based off of data from the multiphysics simulation presented
in Section 2.6.

𝑇𝑤𝑎𝑙𝑙 Regolith m1 m2 m3 m4 m5 m6

Highlands 20.53024 8.990361 0.4562 0.313049 -0.26814 1.546763
1200

Mare 12.81811 4.474273 0.648773 1.131599 0.438686 1.298745
Highlands 14.39169 5.702063 0.486305 1.123273 0.149667 1.253424

1300
Mare 16.20177 5.417753 0.589564 0.686972 0.085608 1.555261
Highlands 11.03747 5.313277 0.159837 4.987098 0.34287 0.435224

1400
Mare 9.731733 3.97475 0.226271 5.605015 0.499934 0.485324

Table C.2: The regression coefficients for Equation 2.21, which predicts the operating
temperature within the reactor based off of data from the multiphysics simulation
presented in Section 2.6.

𝑇𝑤𝑎𝑙𝑙 Regolith t1 t2 t3 t4 t5 t6 t7
Highlands 1429.526 2209.212 0.277 -0.046 0.110 0.250 -3.298

1200
Mare 1427.554 4662.279 0.390 -0.027 0.114 0.194 -4.280
Highlands 1443.568 11406.560 0.294 -0.022 0.015 0.145 -8.544

1300
Mare 1527.021 3063.317 0.483 -0.038 0.061 0.304 -2.625
Highlands 1525.286 5387.139 0.351 -0.029 0.010 0.215 -5.088

1400
Mare 1598.214 2200.344 0.593 -0.043 0.039 0.419 -1.538
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Table C.3: The regression coefficients for Equation 2.26, which predicts the required
electrode separation distance to maintain thermal equillibrium in an MRE reactor
based off of data from the multiphysics simulation presented in Section 2.6.

𝑇𝑤𝑎𝑙𝑙 Regolith e1 e2 e3 e4 e5 e6 e7 e8
Highlands 0.0011 -0.1945 2.5738 0.6487 0.4656 0.3522 0.0570 0.4348

1200
Mare 0.0011 -0.0540 3.1514 0.9572 0.5612 0.3292 0.0047 0.5556
Highlands 0.0011 -0.0941 3.2402 0.9433 0.5211 0.3555 0.0377 0.5009

1300
Mare 0.0010 -0.0319 3.8635 1.0890 0.5747 0.3336 0.0088 0.5502
Highlands 0.0011 -0.0526 3.9239 1.1214 0.5400 0.3491 0.0500 0.4964

1400
Mare 0.0008 -0.0458 4.6638 1.3147 0.5827 0.3243 0.0064 0.5857

Table C.4: The regression coefficients for Equation 2.28, which predicts the expected
heat loss from an MRE reactor based off of data from the multiphysics simulation
presented in Section 2.6.

𝑇𝑤𝑎𝑙𝑙 Regolith h1 h2 h3 h4 h5 h6
Highlands 1475293 -8.863 1.144 1.641 164.954 -0.033

1200
Mare 1239262 -8.092 1.042 1.626 158.910 -0.032
Highlands 1591740 -8.890 1.161 1.307 164.021 -0.036

1300
Mare 1396795 -8.191 1.065 1.338 178.379 -0.034
Highlands 1591221 -8.289 1.083 1.146 222.399 -0.036

1400
Mare 1756455 -8.843 1.165 1.135 188.927 -0.034

Table C.5: The regression coefficients for Equation 2.32, which predicts the expected
operating voltage for an MRE reactor based off of data from the multiphysics simu-
lation presented in Section 2.6.

𝑇𝑤𝑎𝑙𝑙 Regolith v1 v2 v3 v4 v5 v6
Highlands 2611.8 -11.795 1.672 1.954 0.085 -0.021

1200
Mare 1000.3 -6.952 0.893 1.677 0.156 -0.028
Highlands 1997.4 -10.037 1.477 1.561 -0.088 -0.027

1300
Mare 1112.8 -6.897 0.908 1.450 0.150 -0.027
Highlands 1560.3 -8.078 1.190 1.368 -0.139 -0.031

1400
Mare 1056.0 -6.358 0.855 1.240 0.143 -0.028
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