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Introduction:

In response to the ongoing efforts of humanity’s re-
turn to the Moon, various lunar in-situ resource utiliza-
tion (ISRU) technologies and their operations have
been researched extensively. These past studies often
determined or optimized ISRU plant design and opera-
tions based on broad assumptions [1, 2]. However,
these assumptions are often oversimplified and devoid
of uncertain factors, such as resource content. Such
oversimplification can lead the system to be subopti-
mal when uncertainty unfolds, as it inevitably does in a
real-world system [3].

At Imperial College London, the Imperial Strategic
Engineering Laboratory and the Space and Terrestrial
Resource Group collaborate to develop methods to
optimize the design and operations of lunar ISRU
plants under uncertainty to help decision-makers make
better and more informed decisions. The focus of this
collaboration includes practicing flexibility in lunar
ISRU design and its operation with sustainability in
mind as a key system goal.

Research Overview:

Comprehensive lunar mining simulator and deci-
sion support systems. There are now myriad concepts
at the ISRU subsystem level, ranging from resource
processing to power generation solutions, but there is a
general lack of research tools to explore and evaluate
how these technologies would work in unison at the
system level. This is particularly true when uncertainty
in the operating environment is considered despite it
posing a considerable threat to the longevity of a lunar
ISRU plant. The threat due to uncertain factors is fur-
ther intensified as the innate harshness and remoteness
of the environment creates a situation where respond-
ing to unanticipated system problems is extremely dif-
ficult. To address this, a research methodology consist-
ing of the development of a simulation game for lunar
ISRU has been utilized. This serious game, depicted in
figure 1, has been used as a platform to develop deci-
sion support systems that aid users in the management
of complex systems under uncertainty at the strategic
decision level, as well as studying the factors that in-
fluence human decision making under uncertainty.

Additionally, it is recognized that there is a lack of
a quantitative understanding for what sustainability

actually means in an ISRU context. Thus, a set of sus-
tainability indicators for a pilot lunar ISRU plant have
been proposed and evaluated within the context of the
simulation game developed.

Using these sustainability indicators in the frame-
work of the simulation game, experiments have been
run to evaluate the effects of simulation visual fidelity
and the presence of emotional cues in managing com-
plex systems under uncertainty, the results of which
are summarized in figure 2. It is believed that under-
standing such factors is especially important for lunar
ISRU, where remote operation would play a large part
and developing new methodologies for increased situa-
tional awareness is vital.

Figure 1: The Comprehensive Lunar Mining Simulator
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Figure 2: The effects of different treatment conditions on the
sustainability score obtained in the CLMS
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Hybrid lunar ISRU oxygen plant and multi-
objective decision analysis. To address uncertainty
stemming from limited information availability in the
lunar environment and ISRU operations, an Expected
Value of Information (EVol) methodology, which is
commonly used in the terrestrial extraction industry
[4], has also been adopted. Utilizing multi-objective
decision analysis for lunar ISRU plant deployment,
EVolI highlights the importance of gathering more data
to better understand the potential benefits and risks
associated with ISRU system design and planning.
Monte Carlo simulations are used to build a decision
tree estimating the impact of uncertain parameters on
ISRU plant performance using metrics capturing cost,
efficiency, and power consumption.

A case study deploying pilot and full-scale ISRU
oxygen production plants in the lunar southern polar
region demonstrates the practicality of the EVol ap-
proach. This case study examines four plant architec-
tures: carbothermal reduction of dry regolith, water
extraction from icy regolith, and two types of hybrid
combinations of both technologies (Types A and B).
Type A involves mining and processing in both a per-
manently shadowed region (PSR) and a peak of eternal
light in parallel, while Type B with mining solely in a
PSR (Fig. 3). In this Type B hybrid architecture, the
dry regolith tailing from water extraction is further
processed by carbothermal reduction.
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(b) Type B hybrid plant.
Figure 3: Two different hybrid ISRU production plant archi-
tectures.

A two-stage decision tree is built to examine this
case (Fig. 4). The first and the second decisions corre-
spond to the design of the pilot and the full-scale plant,
respectively. A multi-objective decision analysis de-
fines a trade-space between each combination of deci-
sions regarding plant design as a Pareto frontier. Figure
5 illustrates a two-dimensional Pareto frontier generat-
ed from three objectives: oxygen yield, and mass pay-
back. As can be seen, the Pareto frontier consists of
both hybrid plants indicating the proposed hybrid plant
helps gather more information on system performance
and supports decision-makers to make more informed
choices regarding the deployment of a full-scale plant
in a subsequent phase.
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Figure 5: Two-dimensional Pareto frontier.
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