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Abstract: This paper presents a systematic analysis of power generation technologies for
a lunar outpost supporting six astronauts. Based on a detailed power budget analysis
requiring 65 kWe for life support, scientific equipment, and in situ resource utilization
(ISRU), a comparative analysis of solar and nuclear power solutions is conducted. Nuclear
fission is identified as the most promising technology based on key criteria, including
mass efficiency, reliability, and power density. A parametric study is then conducted to
optimize the nuclear reactor design, with particular focus on radiation shielding using lunar
regolith and its impact on safety distances. The analysis demonstrates that proper shielding
can reduce the required safety distance from over 2.5 km to approximately 90 m while
maintaining radiation exposure within acceptable limits. Finally, leveraging insights from
existing reactor designs, an optimized configuration is proposed that combines multiple
small reactors to meet the unique challenges of lunar power generation while ensuring
crew safety and operational redundancy.

Keywords: lunar outpost; power generation; nuclear fission

1. Introduction
The exploration of lunar environments represents a critical frontier in contemporary

space research, with an increasing international focus on establishing a sustainable human
presence beyond Earth. In particular, the lunar South Pole has emerged as the premier
destination for future missions due to its permanently shadowed craters containing water
ice deposits. Through the Artemis program, the United States plans to return humans to
the Moon by April 2026, aiming to establish a sustainable presence by 2028. This initiative
includes the construction of the Gateway space station in lunar orbit, which will serve as a
staging point for missions to the Moon and beyond. The long-term goal is to establish a
permanent lunar base [1,2]. Similarly, China has outlined its lunar ambitions with plans for
a first crewed landing in 2029, followed by a more comprehensive presence through the
International Lunar Research Station (ILRS). This joint venture with Russia aims to establish
a robust research outpost near the south pole of the Moon by 2036 [3]. Meanwhile, the
European Space Agency (ESA) is enhancing its lunar exploration efforts by participating
in NASA’s Artemis missions and developing its Argonaut program. Through Argonaut,
ESA aims to create a lunar lander capable of transporting cargo to the Moon’s surface,
representing a significant contribution to the broader Artemis initiative with the first
launch planned for 2031 [4,5]. Furthermore, JAXA (Japan Aerospace Exploration Agency)
is collaborating with NASA on the Artemis program, focusing on robotic exploration and
developing a pressurized lunar vehicle [6]. Japan is set to become the second country, after
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the United States, to have a citizen set foot on the Moon. Finally, India has announced
plans to send humans to the Moon by 2040, as communicated by Indian institutions [7].
These ambitious lunar exploration plans face unprecedented environmental complexities
that challenge conventional power infrastructure. Characterized by extreme temperature
variations at the equator ranging from −233 °C during extended lunar nights to 127 °C
under direct solar radiation, the Moon demands innovative energy solutions that can
operate with unprecedented reliability and adaptability. The topographical peculiarities of
potential exploration sites, particularly near the lunar South Pole, further complicate the
design of the energy infrastructure, with complex patterns of illumination created by rugged
terrain and the low angular trajectory of the Sun [8]. Contemporary lunar power generation
strategies focus mainly on two technological approaches: solar panels and nuclear fission
reactors [9–11]. Each methodology presents distinct advantages and limitations.

1.1. Solar Panels

Solar power offers potential benefits, including the possibility of utilizing in situ re-
source utilization (ISRU) for cell production while simultaneously presenting challenges
related to extended periods of darkness and location-specific illumination constraints.
Despite these operational constraints, photovoltaic technology’s extensive heritage in ter-
restrial and orbital applications establishes it as a highly viable candidate for extraterrestrial
power generation. The minimal maintenance requirements and absence of moving com-
ponents contribute to its operational robustness in extreme environments. Furthermore,
advances in thin-film photovoltaics, multi-junction cells with enhanced quantum effi-
ciency, and radiation-hardened designs have significantly improved performance metrics
in space applications.

1.2. Nuclear Fission

Nuclear fission, conversely, provides a potentially more consistent power generation
approach that could mitigate some of the intermittency issues associated with solar tech-
nologies. Furthermore, nuclear fission systems are gaining attention as a promising solution
for space propulsion, particularly through the application of nuclear electric propulsion
(NEP). NEP systems employ the power generated by nuclear reactors to drive electric
thrusters, such as ion or Hall-effect propulsion systems. These propulsion methods offer
higher efficiency compared with traditional chemical rockets, especially for missions re-
quiring prolonged thrust and high efficiency, such as interplanetary travel. By providing
continuous thrust over extended periods, NEP systems are well suited for missions to
distant destinations like Mars and beyond.

Given these advantages, several international initiatives are advancing NEP technol-
ogy development. In particular, NASA’s Kilopower project leads research into compact
reactor designs suitable for space applications [11], while the European Space Agency’s
RocketRoll [12] program focuses on integrating nuclear power with ion thrusters for deep
space missions. These programs share common challenges in developing high-temperature
materials, efficient power conversion systems, and radiation-tolerant electronics.

1.3. Contents Outline

The selection of an appropriate power generation system extends beyond purely tech-
nical considerations to encompass crucial safety factors for human presence. The lunar
environment presents significant radiation challenges due to the absence of a protective
atmosphere. While nuclear power systems could provide reliable energy, they introduce
additional radiation considerations that must be carefully evaluated against background
radiation levels and overall mission safety parameters. Nevertheless, the successful devel-
opment of a lunar power system depends not only on the choice of technology but also on
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its spatial configuration and integration with other base systems. This interconnected na-
ture necessitates a comprehensive approach from the initial design phase. To address these
complexities, this paper presents a systematic analysis through the following structure:

1. Power requirements analysis: Section 2 establishes a comprehensive power budget
for a six-person lunar base, defining the baseline energy demands that must be met.

2. Technology assessment: Section 3 evaluates potential power generation solutions, with
Sections 3.1 and 3.2 presenting a comparison between solar and nuclear technologies.
This analysis, incorporating preliminary sizing calculations, leads to the selection of
nuclear power as the optimal solution. Section 3.3 examines three specific reactor
designs from literature that align with the established power requirements.

3. Safety and configuration analysis: Section 3.4 develops a detailed model of the nuclear
reactor system, with particular emphasis on safety parameters and the relationship
between reactor quantity, positioning, and base layout.

4. Optimization studies: Section 4 presents four parametric studies utilizing the
model developed in Section 3, exploring key design variables and their impact on
system performance.

5. Optimized design and reality: Section 5 presents the optimized parameters designed
to meet the requirements. It also discusses how the existing design can only partially
achieve these results.

6. Conclusion: Section 6 presents a summary of the findings of this work as well as some
useful recommendations.

Through this systematic approach, the paper aims to develop a comprehensive under-
standing of the technical and safety considerations necessary for implementing a reliable
power generation system for lunar habitation.

2. Power Budget
To estimate the power budget required for a six-person lunar base, data available in

the literature [13] are utilized, and additional estimates are derived by combining research
findings with logical reasoning to obtain a comprehensive understanding of the energy
demands. Firstly, the power budget of a lunar station must account for the contributions
from two different types of power sources:

1. Constant power: used to power main electrical circuits that distribute energy across
the lunar base, supporting critical systems such as life support, communication, and
the proper functioning of scientific equipment.

2. Intermittent power: subjected to peaks, employed for non-permanent activities, like
Extravehicular Activity (EVA) operations, rover charging, and ISRU.

In Table 1, each segment is reported with the estimated power required and the safety
factor employed. In particular, the safety factors are chosen based on the uncertainty about
the associated activity power consumption, according to the following criterion:

• A safety factor equal to 1.2 is applied to activities described in other papers concerning
lunar settlement projects, since the availability of numbers and figures extracted is
supposed to be highly reliable.

• A safety factor equal to 2 is applied to activities whose power budget is con-
firmed by experimental tests conducted at Politecnico di Torino to take into ac-
count several potential error sources, such as environmental conditions or final
binder–regolith composition.

• A safety factor equal to 5 is applied to activities that are foreseen to be carried out
in situ, but not enough information is found in space-related literature to derive a
quite precise estimation. Typically, power values are defined by referring to different
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machinery for similar purposes on Earth or by relying on reasonable guesses. In any
case, the contribution of these activities to the overall power budget is not highly
impactful; thus, a more conservative approach seems to be appropriate.

Particular attention is given to ISRU activities, as essential to encourage human per-
manence in the lunar environment.

In the end, to be conservative, a total power budget of 65 kWe is considered, resulting
from the simultaneous combination of constant power and total intermittent power (safety
factors included).

Table 1. Power budget estimated for a six-human lunar base [14–17].

Power Activity Value Safety Factor

Constant power

Housekeeping [14] 5 ×1.2
Lighting [14] 0.5 ×1.2
Life Support [14] 16 ×1.2
Communication [14] 1 ×1.2
Scientific equipment [14] 2 ×1.2

Total 1 24.5 kWe 29.4 kWe

Intermittent power
(peak powers only)

Crew support [14] 17.9 ×1.2
EVA floodlights [14] 2 ×1.2
Rover charging [14] 3 ×1.2
ISRU activity:
- Scoop and delivery conveyors [9] 0.2 ×5
- Manufacturing of bricks 0.3 ×2
- Quality control 0.1 ×5
- Assembly of bricks 0.2 ×5
- Health monitoring system [15] 0.5 ×5
- Tool movement system 0.5 ×5

Total 2 24.7 kWe 35.6 kWe

Total 49.2 kWe 65 kWe

3. Methodology
To determine the technology that best fits the defined power budget, a preliminary

sizing of the power system using either solar panels or a nuclear fission reactor is conducted.
At the conclusion of this phase, the optimal technology is selected, and a detailed sizing
will be carried out for the chosen technology, along with a literature review on it.

3.1. Solar Panels

Solar energy technology, with its widespread terrestrial adoption and continuous
efficiency improvements, presents itself as a natural candidate for lunar power generation.
However, the Moon’s unique environment necessitates a thorough evaluation of this
technology’s potential and limitations.

The lunar day–night cycle poses a significant challenge, with approximately half
of each lunar day spent in darkness. Consequently, solar panels may only be partially
effective in meeting the energy demands of a lunar base, necessitating the consideration
of substantial energy storage systems. This challenge is inherent and remains unchanged
regardless of the base’s location on the Moon.

The planned locations for the Artemis missions and future lunar outposts add another
layer of complexity. The most promising sites for habitation and scientific exploration, no-
tably the Lunar South Pole and the vicinity of the Shackleton crater, pose unique challenges
and opportunities. At a latitude of 89.67° S and a longitude of 129.78° E [18], the Shackleton
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crater offers the potential for high concentrations of water ice, making it a suitable location
for an outpost. At this extreme latitude, the Sun’s low angular elevation of just 1.5° creates
complex illumination patterns. However, this unique feature also presents a key advantage:
the minimal temperature fluctuations between lunar day and night, which are around
100 °C—significantly lower than the 400 °C experienced at the lunar equator—simplify
the selection of materials for infrastructure [9]. Notably, there are permanently shadowed
regions where sunlight never reaches the surface, making these areas unsuitable for solar
panels [8]. As a result, solar panels must be installed in alternative locations.

Furthermore, even in non-permanently shadowed areas, illumination may be lower
than expected due to the irregularities in the terrain. Therefore, a thorough analysis of the
lunar topography [8] is crucial for the effective placement of solar arrays. NASA has also
investigated alternative approaches to ensure the feasibility of solar panels on the Moon,
such as the Transformers for Extreme Environments project [10].

In this context, we conduct a best-case scenario analysis comparing solar and nuclear
energy solutions. To establish a clear baseline for comparison, we consider an idealized
scenario where terrain irregularities are not taken into account. This approach is particularly
valuable because if nuclear reactors demonstrate superior performance even against this
optimized solar energy scenario, it provides a definitive basis for technology selection.

Preliminary Sizing

In sizing a solar panel system integrated with battery storage for lunar applications,
data and formulas provided by [9] are employed. For transparency and completeness, key
formulas are explicitly presented in this analysis. The best-case scenario, as anticipated,
treats the Moon as a perfectly smooth sphere, disregarding elevation variations of lunar
terrain. This simplification allows for a more straightforward initial assessment. The
primary focus of this sizing exercise is on two critical factors: mass and volume. These
parameters significantly impact the mission’s economic viability, given the considerable
cost of transporting all system components from Earth to the Moon. To streamline the
design process, the number of free variables is limited. Specifically, the solar panel area
is treated as the primary variable, while other parameters such as materials, fill factor,
and panel inclination angle relative to the lunar surface are fixed. These predetermined
parameters are detailed in Table 2 [9].

The total mass of the system is calculated as the sum of the battery and solar array
mass. While a comprehensive design would include additional components such as wiring
and electrical management systems, focusing on the battery and solar array—typically the
most massive components—provides a sufficient basis for informed decision-making at
this stage. Similarly, the computation of whole mass for nuclear reactors considers only
the balance of plant, shields, and reactor bulks, by neglecting the contribution given by
wiring. Even if the major distances required for safety reasons with respect to the solar
array solution could impact the final choice of technology, later results proved a possible
consistent reduction in safety distance in case of appropriate shielding techniques, making
the effect of wiring upon the overall mass budget not crucial to determine a change in
technology. Therefore, wiring mass is not assessed in both cases.

Given these assumptions and simplifications, the following computations aim at
computing the mass and volume of the system given the budget information from Table 1.
To calculate the power output, it is necessary to compute the hour angle (θ), the lunar
declination angle (ψ), and the solar elevation angle (α) for the specific day and hour, which
is reported in Figure 1. While the formulas for these angles are omitted for brevity, the
equation for the power produced by the array as a function of these angles is included.
The sizing is performed for the worst-case scenario, which corresponds to the day of the
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year with the shortest illumination period. This approach ensures that the system can meet
power requirements even in the most challenging conditions.

Table 2. Summary of parameters [9].

Parameter Value

Fill Factor ( fsc) 0.89
Solar Cell Efficiency (ηsc) 0.28
Latitude (ϕ) 89.67◦ S
Array Inclination Angle (β) 30◦

Maximum lunar declination angle (ψmax) 1.5◦

Irradiance [W/m2] (Is) 1366
Percentage of Dust coverage (χd) 0
Average Space between arrays [m] (Sa) 3
Battery specific energy [kWh/kg] (Sb) 0.2
Battery depth of discharge (Bdod) 0.8

Figure 1. Solar elevation angle versus hour of the day versus day of the year.

The following iterative process is employed to determine the optimal solar array
area (Aa):

1. The power generated by the solar array during daytime is given by

Pa = (1 − χd) fscηsc Aa Is sin(α + θ) (1)

2. The total energy available during the lunar day period is

Ea = Patday (2)

where tday represents the duration of the lunar day.
3. The lunar day is divided into two phases:

• Daytime phase (tdt) with power requirement Pdt.
• Nighttime phase (tnt) with power requirement Pnt.

Note: The transition to nighttime phase occurs when the solar array output drops
below the minimum power requirement specified in the power budget.



Aerospace 2025, 12, 58 7 of 30

4. The energy requirements for each phase are

Edt = Pdttdt

Ent = Pnttnt
(3)

5. The energy available for storage in the battery system is

Ebat = (Ea − Edt)ηbat (4)

where ηbat = 0.98 is the battery storage efficiency.

Upon determination of the solar array area, the parameters in Table 2 can be optimized.
Then, by choosing the areal density of the arrays(ρarr), their mass can be computed.
Here, ρarr is taken equal to 1.59 kg

m2 [9], hence the mass of the array Marr given by
is Aaρarr.

At this point, the battery mass can be computed as well. Assuming a battery-specific
energy Sb and a depth of discharge Bdod, the battery mass is computed as follows:

Mbat =
Ebat

SbBdod
. (5)

Eventually, the total mass can be computed to have a preliminary estimation of the
mass of the system.

Mtot = Mbat + Marr. (6)

The derived formula enables a mass budget comparison between solar panel systems
and nuclear reactors. Based on power requirements outlined by Ross and Ruppert [8], the
nighttime power demand is 29.4 kWe, while the daytime demand (combining constant
and intermittent power needs) is 65 kWe. Based on the required power, the parameters
in Table 2, and previously derived formulas, the total mass of the solar power system is
calculated to be around 66,000 kg. This mass estimate facilitates high-level analysis of
transportation costs and logistics for Earth-to-Moon material transfer. Considering the
Argonaut lander as the transportation vehicle, with its current estimated maximum capacity
(Marg) of 2100 kg [4], the number of required launches can be computed as

nlaunch =

⌈
Mtot

Marg

⌉
= 32. (7)

Considering Ariane 64 as the launch vehicle, which has been designated by ESA for
the Argonaut lunar lander missions, the launch costs can be analyzed. While Ariane 64’s
launch cost (claunch) is estimated at 75,000,000 e, potential cost reductions through Gateway
supply mission synergies and launch vehicle alternatives could reduce this figure. Using
an optimistic scenario with a reduction in costs of around 30% to 50,000,000 e per launch,
the total delivery cost to the lunar surface is estimated at 1.6 billion e.

It should be noted that these calculations are based on current estimates and may
require revision as technology and mission specifications are refined. Furthermore, the
potential implementation of ISRU techniques to produce components of the system locally
could lead to significant cost reductions in the future.

3.2. Nuclear Fission Reactors

Nuclear fission reactors offer another viable option for generating energy on the Moon,
capable of providing the necessary power for sustaining human settlements. In the last
decades, various reactor designs have been proposed specifically to support lunar bases,
addressing the challenges posed by the Moon’s environment while exploiting its peculiar
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characteristics. In this context, the case where reactors are placed directly on the lunar
surface without any additional shielding is used to estimate the reactor’s properties. As
will be evident in the following sections, the effect of additional shielding on the overall
system mass is not a significant factor in selecting the best technology for the problem being
analyzed here.

Preliminary Sizing

From literature, the thermal power generated by a fission reactor is given by
the formula:

Pth = RR · Er · V, (8)

where RR is the reaction rate measured in
f issions

cm3s
, Er is the energy obtained per fission

event measured in
MeV

f issions
, and V is the volume of the nuclear reactor chamber, in cm3 [19].

By assuming the atom’s choice is fixed, Uranium 235, RR, and Er can be considered
constant, yielding:

Pth ∝ V =
Mr

ρr
. (9)

At the denominator, ρr is a compact way to express ρU235 · xU235 + ρcase · xcase, where xi

refers to the volumetric fraction of the component i in the total (either U-235 or the material
for the case). An additional simplification is made, assuming that ρr remains constant
regardless of the reactor mass. Since ρU235 and ρcase are material-specific constants, this
approximation implies a reactor scaling where the volumetric percentages of U-235 and
casing remain unchanged.

Then it can be stated, with a clear approximation, that the supplied Pth is directly pro-
portional to Mr. By comparing the power and mass budgets of two different nuclear fission
reactor’s designs [9], the chart in Figure 2 is obtained for preliminary sizing considerations.
This chart also includes the other two contributions to the total mass of the plant, calculated
similarly: the mass of the shield, Msh, if present, and the mass of the balance-of-plant,
Mbop. To establish a clear comparison with solar array equipment, the mass related to the
balance of plant is considered and defined as the summation of complementary items to the
reactors themselves: a primary heat transfer system, including radiators, an intermediate
heat and storage system, and a power conversion system [20]. For a given Pth, the total
mass of the plant (considering one reactor without a shield) can be determined as follows:

Mtot = Mr + Msh + Mbop = Mr + Mbop. (10)

Attention must be paid to the type of power being considered (Pth), which is signif-
icantly higher than the net electrical power (Pel) actually achieved. Typically, Pel = ηPth,
where the conversion efficiency, η ≈ 0.25 [9]. Preliminary calculations based on observed
trends indicate that for Pth = 4 × 65 = 260 kWth, the total mass would be Mtot = 7900 kg
if accounting for the effect of shielding, or even less if not, resulting in Mtot = 5200 kg.
Although these values may be subject to errors due to linearization, it clearly demonstrates
that choosing a nuclear plant as the primary energy source is preferable to solar panels. The
overall mass is an order of magnitude lower, with the total mass of the solar array system
estimated at around 66,000 kg. Consequently, a model for the nuclear plant designed for
a six-person settlement will be presented in the following sections, while the use of solar
arrays is excluded.
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Figure 2. Graph of linear interpolation between the three main different contributions to the reactor
mass, Mr, Msh, and Mbop, as a function of thermal power generated.

3.3. Overview of Nuclear Reactors

In this context, a review of several of these solutions is presented, followed by an
evaluation of their key characteristics. However, it has to be recognized that the review
may not comprehensively address all aspects of each solution due to the limited technical
details available in the literature.

Additionally, it is important to note that while this assessment concentrates on space-
specific designs, the field of nuclear power for extraterrestrial applications is rapidly
evolving. Although many current terrestrial reactor designs could potentially be adapted
for lunar or Martian outposts, they have not been included in this study.

The evaluation will take into account several critical factors. These include power
output capacity, mass and volume constraints, radiation shielding, and operational lifespan.
The aim is to assess existing solutions in order to identify the most promising designs that
could fulfill the needs of a lunar outpost.

The solutions discussed in this review are selected based on their innovation and
level of detail. Projects resulting from collaborations between NASA and the DOE (U.S.
Department of Energy) typically provide more comprehensive information. Conversely,
projects from other agencies may have limited available data or be too recent for extensive
information to be accessible.

This review does not include every NASA project proposed in the past two decades,
as many earlier initiatives are surpassed by more advanced studies. However, for complete-
ness, a comprehensive list of all the projects known to the authors is presented. This list
also underscores the foundational efforts that have influenced the projects to be discussed.

In particular, a chronological list of projects not extensively detailed in this review
is presented in Table 3, with dates based on the publication dates of the cited papers in
the bibliography.
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Table 3. Reactor specifications ordered by year. P = power, M = mass, SM = specific mass.

Reactor P (kWe) M (kg) SM (kg/kWe) Year Maturity Level

SP-100 [21] 100 - 40–45 1980s Component Testing

HOMER-25 [22] 25 1564 62.6 2000 Component Testing

SAFE-400 [23] 100 541 5.4 2002 Conceptual

SPARS [24] 100 2374 23.7 2003 Conceptual

MSR [25] 100 4525 45.3 2004 Conceptual

SAIRS [26] 4–7 - - 2004 Conceptual

HP-STMCs [27] 110 - - 2004 Conceptual

S4 [28] 100 - - 2005 Conceptual

SUSEE [29] 200 3000 15 2006 Conceptual

The reactors that will be detailed and analysed thoroughly for the MOSS Projects are
LEGO [30], SC-SCORE [31], and FSP [32].

3.3.1. LEGO

The LEGO (Lunar Evolutionary Growth-Optimized) reactor is a modular, fast-fission,
heat-pipe-cooled clustered reactor system designed for lunar-surface power generation.
This reactor system is composed of subcritical units that can be safely launched from Earth
and directly emplaced into holes drilled into the lunar regolith, as in Figure 3b, which serves
both as radiation shielding and neutron-reflector material. Each subunit, manufactured
using proven materials like uranium–dioxide fuel and stainless-steel cladding, utilizes
liquid–sodium heat pipes for efficient heat transfer.

(a) (b)

Figure 3. LEGO reactor: (a) LEGO reactor cluster on the lunar surface; (b) Reactor subunit emplaced
within the lunar regolith.

The reactor employs a free-piston Stirling engine for power conversion, ensuring a
minimum operational lifetime of five years. A single unshielded subunit has an estimated
mass of 448 kg and provides approximately 5 kWe, with a height of 8.77 m and a diameter
of 0.50 m when fully extended.

The system is designed to promote safety, reliability, and ease of manufacture, with a
single cluster of six subunits, depicted in Figure 3a, capable of generating around 30 kWe.
As lunar base development progresses, additional subunits can be added to meet increasing
power demands.
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The LEGO reactor’s modular approach aligns with NASA’s incremental build strategy,
enhancing mission safety by reducing the impact of any single launch failure on the overall
power system.

3.3.2. SC-SCORE

The Solid Core-Sectored Compact Reactor (SC-SCORE) is designed to provide contin-
uous power generation for lunar outposts, offering a nominal 38 kWe for approximately
21 years. This monolithic-core reactor operates at a thermal power of 1.0 MWth and consists
of six sectors. Each sector is neutronically and thermally coupled but hydraulically indepen-
dent, featuring separate primary and secondary cooling loops, thermoelectric (TE) powered
electromagnetic pumps, TE power conversion assemblies, and heat pipe radiator panels.
The reactor core, made from 316L stainless steel or oxide dispersion strengthened molyb-
denum (ODS-Mo), uses highly enriched uranium nitride (UN) fuel, which provides high
thermal conductivity and reduces operating temperatures. The SC-SCORE is emplaced in
a 2.5-meter-deep trench below the lunar surface and covered with regolith, which serves
as radiation shielding and a supplemental neutron reflector. This configuration protects
sensitive equipment and crew from radiation while increasing the reactor’s operational
lifespan by enhancing core excess reactivity. The reactor’s design, whose schematic is
reported in Figure 4, ensures safety, with the ability to continue operating at reduced power
in the event of a loss of coolant (LOC) or loss of cooling (LOCo) in one sector. Additionally,
the SC-SCORE’s use of liquid NaK-56 coolant, known for its higher density, heat capacity,
and thermal conductivity, ensures efficient reactor cooling and minimizes pressure losses.
The SC-SCORE system employs static components with no single point of failure in reactor
cooling and energy conversion, promoting reliability and long-term operation.

Figure 4. Below-grade SC-SCORE power system with heat pipe radiator panels erected on the
lunar surface.

3.3.3. Kilopower and Fission Surface Power Project

The Kilopower project [11], led by NASA, aimed to develop a compact nuclear power
system suitable for long-duration space missions. It features a solid uranium-235 core and
advanced heat pipe technology capable of generating between 1 to 10 kilowatts of electrical
power. This system supports various spacecraft systems, scientific instruments, and poten-
tial life support needs during missions to distant celestial bodies. Kilopower’s safety and
reliability under space-like conditions were validated through rigorous testing, including
the successful KRUSTY (Kilopower Reactor Using Stirling Technology) experiment in 2018.
This project represents a significant step forward in enabling sustained human exploration
and scientific research beyond Earth’s orbit.

To meet the increasing power demands for lunar exploration, NASA has expanded
this technology under the Fission Surface Power Project. This initiative aims to develop a
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deployable 40-kilowatt electric (kWe) Lunar Fission Surface Power Concept, building upon
the foundational work of Kilopower [32].

Deployable Reactor

The 40 kWe lunar fission surface power reactor concept in Figure 5 employs several key
technical solutions to address the challenges of providing continuous power on the Moon.
At its core, the reactor utilizes a high-assay low-enriched uranium (HALEU) fuel design,
consisting of 20% enriched uranium nitride (UN) pellets, sodium (Na) - molybdenum (Mo)
heat pipes, and a yttrium hydride (YH) moderator. This HALEU approach allows for lower
enrichment compared with previous highly enriched uranium concepts while still achieving
the required functionality. The reactor is designed to provide approximately 250 kWth
to supply the required 40 kWe for a 10-year operational lifespan. Power conversion is
achieved through eight 6.2 kWe Stirling converters operating in dual opposed pairs, with
a hot end temperature of 700 °C limited by super-alloy material constraints. The thermal
control system features a deployable accordion-style radiator based on International Space
Station designs, coupled with a pump loop cooling system to transfer heat from the Stirling
engines to the radiator. For efficient power transmission over the required 1 km distance,
the system employs ±2800 VDC to minimize conductor mass, resulting in a cable mass of
approximately 45 kg. The design also incorporates redundancy and fault tolerance, with
duplicate components for critical systems such as power distribution units and DC–DC
converters. To facilitate deployment, the system is divided into three separate elements:
the reactor system, the control system, and the cable and spool system. These elements are
designed to be transported and deployed using a pre-existing lunar rover chassis.

Figure 5. Reactor system, control system, and cable and spool system elements mated to the
rover chassis.

3.4. Nuclear Reactors Detailed Modelization

The investigation now considers a variable number of reactors each supplying an
equal and fixed thermal power. To assess the relation between the necessary safety distance
rs from reactors and the number of reactors Nr involved, an initial hypothesis is made,
confirmed by numerical data shown in [9]. This hypothesis states that the total radiation
dose D at a point P from a certain distance r is the sum of the radiation contributions from
each reactor at that point. This is the same principle at the basis of the luminous intensity
generated by Nl lamps in a room, considered as incoherent light sources [33].

D(P) =
Nr

∑
i=1

Di(P). (11)

The intensity of radiation, or radiation dose, follows a quadratic law in a vacuum, as
expressed hereafter (Ds is the limit radiation dose for human safety, equal to 5 rem/year,
according to the standards for protection against radiation issued by the US Nuclear
Regulatory Commission [34]):

D = Ds ·
( rs

r

)2
. (12)
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By starting with the human safety constraints detailed in the following sections, an
insightful formula can be derived for preliminary considerations, assuming no shielding
is present. This formula is applicable under the assumption of Nr nuclear reactors, each
generating a constant and uniform amount of power, all positioned at the same distance
from point P.

D(r1) = Nr · D1 = Nr · Ds ·
(

rs

r1

)2
≤ Ds. (13)

By simplifying Ds and rearranging the terms in a convenient manner, the following
expression is obtained:

r1 ≥
√

Nr · rs. (14)

Since r1 = ri with i = 1, ..., Nr, the formula obtained is valid for all the reactors.
Moreover, it is known that a 10 kWe reactor generates a radiation dose D∗ of 26.3 rem/year
at a distance r∗ of 500 m [9]; thus, that can be used to compute the actual values of safety
distances as a function of Nr. By employing the quadratic law (Nr = 1):

rs = r∗ ·
√

26.3
5

= 1.15 km. (15)

The meaning of this result is that 1.15 km is necessary between the habitat and the
nuclear reactor plants to ensure human safety. This safety distance increases with the
square root of the number of reactors, as illustrated in Figure 6.

It is evident that these distance values present significant logistical challenges. Con-
sequently, the focus shifts to exploring potential methods for reducing this distance and
quantifying the effect of introducing shielding.

To sum up, the two studies just presented were highly useful to pave the way for the
successive steps to take: the former showed to what extent a nuclear fission power plant can
be more advantageous with respect to a solar array-based one, whilst the latter demonstrated
the importance of introducing a shield for practical and safety reasons. The parametric model
developed for this analysis integrates both the nuclear reactor characteristics and the radiation
attenuation effects of the regolith shield. This comprehensive approach incorporates multiple
degrees of freedom to capture the complex interactions between reactor design and shielding
requirements. The detailed methodology and underlying principles of this model, along with
its implementation and validation, are presented in the following sections.

Figure 6. Safety distance required as the number of reactors increases (electric power of a single reactor
fixed at 10 kWe). No shield is considered. The red line shows the analytic function f (Nr) = 1.15

√
Nr.
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Definitive Methodology: Modelization of the Shielded Nuclear Plant

To analyze the radiation attenuation effects of shielding materials in the nuclear power
plant, the following assumptions are adopted:
1. The reactors use Uranium-235 fission to provide power;
2. All the reactors, whose number Nr is a degree of freedom, generate the same amount

of power;
3. The reactors are aligned along a line, and the spacing γ between each other is the

same for all;
4. The reactors are cylindrical, though this is not a constraint of primary importance;
5. The reactors are installed in a dip; thus, the shielding effect is ensured by the ground

regolith itself surrounding the dip. The dip is not covered on the top by a layer of
regolith, therefore it is open-vacuum.

6. To adopt a conservative approach, the total radiation from a single reactor is assumed
concentrated in the upper central portion of the chamber. This assumption minimizes
the impact of attenuation by the regolith, as the radiation travels through the least
amount of matter.

The simplified model of the plant is reported in Figures 7–9. All the following reason-
ing will be based on the nomenclature used in the images.

Figure 7. Modelization of the nuclear plant viewed from above (plane xOy).

Figure 8. Modelization of the nuclear plant viewed from the side (plane ynOnz). Pay attention to the
fact that it is the reference system located in the reactor n, so yn ̸= y-axis.
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Figure 9. View in perspective of the modelization of the nuclear plant in the 3D space xyz.

The first important point to highlight is the list of degrees of freedom that define the
model presented. Each degree of freedom represents an input parameter:

1. P(x, y, z) → the generic point where to compute the total radiation;
2. γ → the inter-distance between two consecutive reactors along the x-axis;
3. Nr → the number of nuclear fission reactors in the plant;
4. o f f → the offset between the upper surface of the single reactor and the local lunar

ground level;
5. B → the width of the dip along the y-axis.

The implementation of the model on MATLAB r2024a aims at achieving, given the
inputs previously enumerated, valuable information, listed hereafter:

1. ln − lattn → the path length of the radiation emitted by the reactor i, with i = 1, . . . , Nr,
from the reactor to the first impact with regolith (vacuum);

2. lattn → the path length of the radiation emitted by the reactor i, with i = 1, . . . , Nr, from
the first impact with regolith to the end of the regolith, consisting of an attenuation of
dose (matter);

3. rextn → the path length of the radiation emitted by the reactor i, with i = 1, . . . , Nr,
from the point where the radiation leaves the regolith to P(x, y, z) (vacuum).

4. D1, D2, and D3 → the radiation dose rates are calculated at each segment endpoint,
with D3 at point P being the critical value for determining safety requirements.

To clarify the process, two flow charts representing inputs, outputs, and their connec-
tion are reported in Figures 10 and 11. The final objective is to produce a radiation dose
map to delineate safe and unsafe regions based on a given set of initial conditions.

By referring to Figure 10 and the top and side views of the plant model shown in
Figures 7 and 8, the required quantities can be determined through trigonometric calcula-
tions, as outlined below.

1. βn → Given P(x, y, z), Nr and γ as inputs, it is quite immediate to get the angle β for
each reactor:

βn =


arctan

(
y

x − (n − 1) · γ

)
i f x > (n − 1) · γ

arctan
(

y
x − (n − 1) · γ

)
+ π i f x < (n − 1) · γ

(16)
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2. tan(αn) → Given P(x, y, z) and found βn, by looking at the side view of the model,
the values of tan(αn) for each n can be computed:

tan(αn) =
z
y

sin(βn)

=
z · sin(βn)

y
=⇒ αn = arctan(tan(αn)) (17)

3. At this point, ln can be obtained (sum of radiation path 1 and 2, respectively, from the
reactor to the regolith wall and from the regolith wall to the ground level):

ln =
o f f

sin(αn)
(18)

4. Since B is established, the effective radiation path length of segment 2, inside the
regolith, where the radiation is attenuated, is given by

lattn = ln −
B

2 · sin(βn) · cos(αn)
(19)

5. The next step is to obtain the values of pn, an intermediate passage to obtain the
expression of rextn , which corresponds to the set of radiation path lengths from ground
level to the point P, namely the last segment. In formulas,

pn = ln · cos(αn)

rextn =

√(
y

sin(βn)
− pn

)2
+ (z − o f f )2

(20)

Figure 10. Flow chart of the nuclear reactors’ model: from inputs to outputs.

At this stage of the algorithm, the first three outputs (ln, lattn , and rextn ) are available.
With these, it is possible to calculate the distances of the entire radiation path from a single
reactor, which is divided into three segments: vacuum below the surface, regolith, and
vacuum above the surface. Each segment, referred to as S1 (vacuum below the surface), S2

(regolith), and S3 (vacuum above the surface), must be considered separately. Figure 11
illustrates the propagation models used for each segment.
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Figure 11. Flow chart describing how to pass from the measurements of lengths to the computation
of total radiation dose in point P(x, y, z).

1. S1 → To obtain D1n, the radiation dose due to the n reactor (with n = 1, ..., Nr) at the
end of S1, a quadratic decay law could be used since it is in a vacuum. In this case, a
chart correlating dose rate and distance by using the power generated as a parameter
is necessary: by knowing Nr and the power output of each reactor (since the total
power budget is fixed), and using r = ln − lattn to locate the value on the graph, D1n

can be found.
2. S2 →To obtain D2n, since S2 is formed by regolith, the quadratic law is not applicable.

Since the most penetrating particles generated by fission are neutrons and γ rays (the
last ones in particular), an exponential attenuation model is employed. The generic
expression is given hereafter, where D and D0 are, respectively, the final and initial
doses, while k and x are, respectively, a coefficient depending on the material and the
length of the path, that is, lattn in our case:

D = D0 · e−kx. (21)

By computing k correctly and being D1n already known, D2n can be found as well.
3. S3 → To obtain D3n, that is the radiation dose emitted by the n reactor (with

n = 1, . . . , Nr) computed at the end of S3, the quadratic decay law is applicable since
the path is in a vacuum. The lengths are obviously known (both ln and rextn are
useful), and D2n as well; hence computing D3n is immediate.

4. Once all the dose contributions given by Nr reactors at point P(x, y, z) are known, the
total dose D3(x, y, z) can be determined by applying the principle of linear addition
of doses (similar to the incoherent light sources model).

It is crucial to highlight a key assumption in the analysis: scattering and the production
of additional radiation within the regolith are considered negligible. This implies that the
regolith is assumed to be an absorbent material that does not influence the direction of the
radiation. These assumptions shall be verified through experiments, although additional
considerations reveal to be useful to demonstrate a good level of model reliability:

• Based on the studies about regolith shielding properties conducted within the Resolve
Program at NASA-Johnson Space Center in 2008 [35], it is clear how the regolith is an
excellent material to protect against radiations; thus, it can certainly attenuate them.

• A potential scattering effect is not really a big deal, due to the fact that a deviation could
either increase the radiation path inside regolith (reducing even more the radiation
dose) or decrease it (in this case, higher radiation path angles with respect to the
horizontal plane are obtained, with no direct impact consequences on the habitat).
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In general, the introduction of assumptions within the model, always elaborated
according to a conservative perspective, can be mitigated by introducing safety margins at
the end of calculations.

The human settlement is assumed to be placed at a certain distance along the positive
y-axis, whilst what happens for negative values of y is not treated.

S1: Dose versus distance for different powers.

As previously anticipated, S1 is covered in vacuum, thus the quadratic decay law can
be applied (D0n and r0n are, respectively, dose rate and distance from reactor n, where both
the values must be known):

D1n = D0n ·
(

r0n

r1n

)2
. (22)

In order to derive a relation Pel = f (r), which, given a fixed radiation dose, calculates
how the electric power delivered affects the distance at which that radiation is measured, a
solar radiation analogy is applied [36]. The thermal power Pth generated is responsible for
the radiation itself and can be written as follows:

Pth =
∫ mU

0

∫ A

0
P∗ dAdmu = P∗Amu. (23)

where P∗ is defined as thermal power generated per unit reactor area dA per unit mass of
Uranium dmU computed on the surface of the reactor. This magnitude represents the dose
of radiation per unit area emitted through the space, still computed on the surface of the
reactor. In fact, if we call P∗ as D∗, this is what is obtained:

P∗ = D∗ =
D∗

A

[
W

kg · m2

]
. (24)

Therefore, by combining (23) and (24):

D∗ =
Pth

AmU
=

Pth
ksr2

reqmU
. (25)

where ks is a non-dimensional shape factor, whilst rreq is an equivalent reactor radius,
depending on the shape of the chamber (for a sphere, the actual radius and the equivalent
coincide). By following the procedure explained in [36], it is possible to get, for a generic
distance r:

D = D∗ ·
ksr2

req

r2 =⇒ Pth = DmUr2 =
D
A

mUr2. (26)

If the dose of radiation is fixed as previously imposed and the ratio mU/A is reasonably
assumed to be approximately constant, it is clear that

Pth ∝ r2 =⇒ Pel = ηPth ∝ r2. (27)

It is determined from [9] that a radiation dose of 26.3 rem/year is measured at distances
of 100 m and 500 m from a 1 kWe and a 10 kWe reactor, respectively. Moreover, if the
delivered power is null, then also the dose radiation and the distance r converge to zero.
These three conditions were useful in order to derive the following empirical quadratic law:

Pel(r) = 2.5 · 10−3 · r(0.01r + 3). (28)

By inverting it and considering only the physical solution, with positive values of r, it
is finally obtained:

r = 102(−1.5 + 2
√

0.5625 + Pel). (29)
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where Pel is expressed in kWe and r in m. This last formulation is essential, once Pel of the
single reactor is fixed, because it yields the distance where the radiation dose is equal to
26.3 rem/year. Therefore, by setting D0n equal to 26.3 rem/year and r0n equal to (29), the
product D0n · (r0n)

2 is a constant for a single reactor. Since this constant can only change
through the parameter Pel and the hypothesis of Nr equivalent reactors still holds, once
Pel is fixed, the already written product is a constant for all the reactors involved. The
parametric study for different values of electric powers is reported in the chart in Figure 12.
In the formula,

D1n = 26.3 ·
[

102(−1.5 + 2
√

0.5625 + Pel)

r1n

]2

, (30)

where r1n is set equal to the length of S1, that is ln − lattn .

Figure 12. Dose rate as a function of distance from a reactor, with different values of electric power
generated by the reactor. The higher the power obtained, the higher the dose is at a fixed distance.

S2: Exponential attenuation

At this point, the effect provided by the regolith in the attenuation of radiation has to
be computed. As previously introduced, an exponential model can be applied:

D2n = D1n · e−kx with k =
µ

ρ
· ρ. (31)

Since D1n is known as well as x, which is set equal to lattn , the only coefficient to be
determined is k. This problem requires two quantities to be solved: the estimation of the

mass attenuation coefficient
(

µ

ρ

)
reg

for the regolith and the regolith’s density ρreg.

1.
(

µ

ρ

)
reg

=⇒ This is a function of material, number of elements, and energy carried

by the radiation. In fact, for a generic compound like regolith, the mass attenuation
coefficient can be computed by additivity [37]:

(
µ

ρ

)
reg

=
Nel

∑
i=1

(
µ

ρ

)
i
· wi. (32)

where wi is the fraction in weight of element i in the compound. By elaborating on
data provided by [38], an average chemical composition of regolith is derived and
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reported in Table 4. For all the elements forming regolith, the related coefficient of
mass attenuation could be found tabulated as a function of radiation energy. Since
neutrons and γ rays represent the most penetrating byproducts and follow a similar
exponential law, to be conservative it is assumed that all the energy carried out by
neutrons and γ rays is actually employed by only γ rays. It is estimated, with a certain
margin of error, a value of 15 MeV per fission inherited by γ rays.

At this point,
(

µ

ρ

)
reg

can be easily computed, resulting in 0.0219
cm2

g
.

Table 4. Average composition of lunar regolith.

Periodic Element Weight Fraction

el wi (%)

Oxygen (O) 42

Silicium (Si) 21

Iron (Fe) 13

Calcium (Ca) 8

Aluminum (Al) 7

Magnesium (Mg) 6

Others 3

2. ρreg =⇒ Since a lower absolute value of the exponent coefficient k corresponds to
reduced attenuation, a density close to the minimum, specifically 1.6 g

cm3 , is selected.
This choice assumes a less intense shielding effect and provides a more conserva-
tive estimate.

The results are presented as parametric curves in Figure 13, illustrating radiation
attenuation as a function of shield thickness.

Figure 13. Dose rate after attenuation by regolith as a function of dose rate before attenuation, with
different values of shield thickness. The higher the thickness, the higher the attenuation is at a fixed
incoming dose rate.
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S3: Quadratic law in vacuum

The computation of D3n is quite immediate, since all the other quantities appearing
into the quadratic decay law for vacuum are known:

D3n = D2n ·
(

ln
ln + rextn

)2
.

3.5. Effects of the Cosmic Radiation

Once the radiation dose D(x, y, z) from the nuclear reactors is known, it is essential
to also consider cosmic radiation, given the Moon’s nearly absent atmosphere. Therefore,
using a safety threshold based solely on D = 5 rem/year, which accounts only for reactor
radiation, would be an overly optimistic estimation. Instead, the following inequality
should be used to identify the safe region, where Dcr and DNr represent the dose rates from
cosmic radiation and nuclear reactors, respectively:

Dcr(x, y, z) + DNr(x, y, z) < 5 rem/y. (33)

According to [39], 60 µSiever per hour target the astronauts on the Moon. With this
information, the following calculation can be made (remember that 1 rem = 0.01 Sievert):

ϕ

[
hours
day

]
· d

[
days

y

]
· 60

[
µSv
hour

]
+ DNr

[
µSv

y

]
< 50, 000

[
µSv

y

]
. (34)

where ϕ and d, two additional degrees of freedom of the model, represent the number of
cosmic radiation exposure hours per day and the number of exposure days per year. Since
the aim is to guarantee a permanent stay on the Moon, d is taken as a fixed parameter, equal
to 365 days. With this approach, the choice of ϕ affects the nuclear reactors’ tolerated dose
rate and consequently, the safety distance, as shown hereafter:

ϕ · 365 · 60 + DNr < 50,000

0 < DNr < 50,000 − 21,900 · ϕ.
(35)

This leads to an important conclusion: on average, the theoretical maximum number
of hours per day an astronaut can spend outside the habitat (which is assumed to be
perfectly isolated) is given by ϕ = 2.28, which is about 2 h and 17 min. If the average ϕ were
higher, it would lead to a negative nuclear reactor dose of radiation, which is physically
impossible. On the other hand, a decrease in ϕ causes the tolerated DNr to increase and the
safety distance to get smaller.

4. Results from the Implementation of the Model
The illustrated model, including the shielding effect provided by regolith, is used to

generate relevant results. As a matter of fact, some parametric studies were carried out,
and their outcome is reported through this section.

First study: safety distance rs vs. offset o f f (cosmic radiation included or not).

This first study is conducted with the aim of determining the effect of offset o f f on the
minimum safety distance rs required from the habitat. The fixed quantities of the model
are as follows:

1. Nr = 5.
2. Pel = Ptot/5 = 13 kWe.
3. γ = 5 m.
4. B = 3 m.
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5. h = z − o f f = 10 m (it means that rs is computed by considering a minimum safety
height of 10 m, that is over 10 m the radiation is not acceptable since it is greater than
the limit).

6. ϕ = 1.5 (it means a daily average exposure of 1 h 30 min per astronaut is considered,
in order to have a margin with respect to the limit of 2 h 17 min).

The situation is analyzed under two different scenarios: one that includes the effect of
cosmic radiation in the computation of safety distance and one that does not. As illustrated
in Figure 14, when the additional requirement for cosmic radiation is considered and
combined with the radiation dose from the reactors, the tolerated dose rate from the
reactors must be lower, leading to a higher rs. It is evident that in both scenarios, the
relative gain decreases as the offset increases. In particular, as illustrated in Figure 15, it
seems convenient to increase the offset from ground level within a range of (40–60) cm:
beyond this interval, the gain in rs is almost negligible, and the amount of regolith to
be dug becomes too elevated with a consequent increase in power consumption. In fact,
2.26 m/cm and 1.10 m/cm are, respectively, the rs gains for each cm dug for o f f = 40 cm
and o f f = 60 cm.

A good trade-off could be an offset equal to 50 cm, corresponding to rs = 92 m in case
cosmic radiation is considered and rs = 85 min case it is not. If these values are compared
with the ones presented in Figure 6, for Nr = 5, the advantage of a shield is immediately
clear: 2572 m are required without shields, against 92 m with a ∆rs = 92 − 2572 = −2480 m.
The final safety distances will be refined with further studies, where the fixed degrees of
freedom will play a role. From now on, however, the offset is assumed equal to 50 cm.

Figure 14. Safety distance as a function of offset (cosmic radiation yes and no).

Second study: effect of Nr at fixed total Pel on safety distance rs (cosmic radiation included).

Since cosmic radiation is present on the Moon in every situation, this second study,
and all the successive ones as well, assume its contribution in the calculation. The value of
ϕ is set equal to 1.5 also here.

In this case the analysis aims at evaluating the effect of an increase in the number of
reactors by keeping the total power generation constant and therefore scaling appropriately
each reactor’s supply on the safety distance. Here, the fixed quantities are as follows:

1. o f f = 0.5 m;
2. B = 3 m;
3. γ = 5 m;
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4. Total power Pel = 65 kWe.

The safety threshold along z, as assumed in the first study, is set equal to h = (z −
o f f ) = 10 m. As shown in Figure 16, the effect is minimal. In fact, the value of rs ranges
from 90.7 m to 93.2 m for, respectively, Nr = 8 and Nr = 2. For practical reasons—such as
increased reliability and lighter chambers—the analysis excludes plants with fewer than
four reactors (where Nr = 4 corresponds to rs = 92.0 m). Thus, the effect of varying Nr on
rs is not significant; increasing the number of reactors from four to eight only reduces the
safety distance by 92.0 − 90.7 = 1.3 m. While the number of reactors does not significantly
impact safety requirements, the final configuration will be determined by additional factors
such as system redundancy and maintenance accessibility.

Figure 15. Derivative
d

d(o f f )
rs. It gets negligible after o f f = 0.6 m.

Figure 16. Effect of Nr on safety distance.

Third study: Effect of reactor inter-distance γ on rs for different values of Nr.

It seems relevant to investigate the effect given by the spacing γ on the value of safety
distance. Here, the fixed variables are as follows:

1. o f f = 0.5 m;
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2. B = 3 m;
3. Total power Pel = 65 kWe.

It is evident that cosmic radiation is accounted for, with the safety distance rs calculated
based on a height of 10 m above ground level. On the basis of these assumptions, Figure 17
reveals two key findings:

1. For a fixed inter-reactor spacing γ, multiple smaller reactors provide better perfor-
mance than fewer larger ones, confirming the results of the second study.

2. Increasing γ from 3 m to 20 m reduces rs by only 6 m, indicating that reactor spacing
has minimal impact on safety requirements.

Based on these results, the optimal configuration appears to be an 8-reactor plant
with a 0.5 m offset and 20 m inter-reactor spacing, yielding a safety distance of rs = 86 m.
However, this configuration must be further evaluated against the energy costs associated
with excavation for reactor placement.

Figure 17. Effect of γ on safety distance for different Nr values.

Fourth study: Energy required to dig the hole.

A detailed and refined analysis involving the use of cost functions to find an optimum
point for the size of the dip is beyond the aim of this paper. In spite of that, a preliminary
study, involving the effect of γ on the energy required to dig, is carried out. Initially, it can
be assumed that the total amount of energy needed (Ereq) is proportional to the volume of
regolith extracted (Vreg). In other words,

Ereq ∝ Vreg. (36)

This can be justified by stating that the total energy may be written as the product of
three terms: the number of excavator actions, the volume extracted for each action, and the
energy per unit volume. The higher the overall volume is, the higher the number of actions
(nacts) (if the capacity of the hypothetical excavator is assumed as fixed). In the formula,

Ereq = nacts ·
V
act

· E
V

=⇒ Ereq ∝ Vreq. (37)

As regards the whole volume, the following formula can be derived (under the
assumptions of a parallelepiped-shaped hole and a further spacing of γ/2 per each of the
two external reactors along the line):

Vreg = (o f f + hr) · B · γNr. (38)
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where hr is the height of a reactor, from its base to its top. If all the reactors are equally
sized and B is fixed to 3 m, it is finally obtained:

Ereq

Emin
=

γNr

γminNr,min
=

γNr

3 · 4
=

γNr

12
. (39)

The minimum values for γ and Nr are chosen according to a physical intuition:
Nr,min = 4 for what is stated in the second study, while γmin = 3 m for practical rea-
sons due to the reactor bulk extension. The ratio is plotted for different γ and Nr values in
Figure 18. Here, it is obvious that an increase in γ and Nr causes the energy required for
digging to increase as well.

Figure 18. Ratio
Ereq

Emin
versus γ for different Nr values.

5. Results and Discussion
The sizing analysis yields several key insights:

1. Safety requirements and energy efficiency present competing objectives: reducing Nr

and γ improves the energy consumption ratio
Ereq

Emin
but increases the safety distance rs.

2. The minimal impact of γ and Nr on rs suggests these parameters should be minimized
while maintaining the following:

(a) Physical space requirements for reactor installation;
(b) Sufficient modularity for emergency management.
(c) Feasible transportation logistics.

3. The dip width B should be minimized to reduce excavation volume and energy
requirements (Vreg ∝ B), while accommodating reactor dimensions.

4. Based on technical and standardization constraints, the recommended configuration is
as follows:

(a) Five to six reactors.
(b) Inter-reactor spacing (measured along the x-axis): 3–5 m.
(c) Dip width: 3 m (accommodating reactors up to 1.5 m radius).
(d) Safety distance (measured along the y-axis): 90 m.

While safety factors should be applied to account for model simplifications, the
shielded configuration significantly reduces cable length and energy losses compared
with unshielded alternatives while maintaining compliance with safety requirements.
The depth of the hole, equal to o f f + hr, is not provided since the only relevant contri-
bution involved in the rs assessment is given by o f f . The height of the reactor affects
only the energy required to dig, among the variables considered in this study, which
is certainly expected to depend on technology maturity and extraction capability con-
straints. However, the discussion concerning both excavation issues and associated
costs is outside the aim of this work.
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5. The general graphical outcome of the plant modeling in MATLAB R2024a is shown in
Figure 19. For clarity, this figure does not depict the final configuration but rather illus-
trates the results from a random set of inputs. Displaying the actual final configuration
would compress the curves too much, making the results less comprehensible. The
figure includes the reactor positions and the iso-dose radiation surfaces, with the most
tilted curve representing the most conservative approach, which accounts for cosmic
radiation. This visualization helps to distinguish between safe and unsafe regions.

6. It is paramount to specify that the illustrated model is not validated through tests or
experimental data. Its aim is to provide a theoretical proof of regolith shielding capa-
bilities in the framework of protection against nuclear radiation and its implication
on the design of a human settlement. Additional tests are required to ensure to what
extent the results really adhere to reality.

Figure 19. Surfaces iso-radiation resulting from the model.

5.1. Comparison Between Discussion Results and Existing Technologies

At the conclusion of this analysis, the literature data will be used to identify the
reactor concept that best aligns with the results from the previous section. To aid in
decision-making, Table 5 highlights the key elements that summarize the technical solutions
implemented in the reactors previously reviewed. Based on these characteristics and the
design developed in previous sections, the ideal reactor will be chosen, considering the
features of the various reactors. This analysis will focus only on some factors, as this work
aims to offer a solution from the perspective of an organic outpost design. Therefore, while
technical details regarding core design, coolant, and fuel are provided, the emphasis will
be on aspects most relevant to the outpost’s design.

The evaluation criteria for the comparison include mass, power output, dimensions,
modularity, and ISRU compatibility. Each reactor design presents distinct characteristics
that warrant careful consideration.

The SC-SCORE reactor demonstrates exceptional performance in terms of specific mass
ratio and offers an efficient integration with lunar regolith shielding. Its compact height
minimizes excavation requirements, and the design incorporates robust passive safety
features. However, its power output and limited modularity fall short of MOSS project
requirements. The reactor’s compact design architecture offers significant advantages in
implementation efficiency, as its reduced height (hr) minimizes the required excavation
depth (hr + o f f ), directly optimizing volumetric energy requirements for site preparation.
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Table 5. Key aspects of the presented reactors.

Characteristic LEGO [30] FSP [32] SC-SCORE [31]

Power Output (kWe) 5 40 ∼450

Mass (kg) 448 (unshielded) 7334 ∼480

Specific Mass (kg/kWe) 89.6 183.5 ∼1.1

Fuel 93% enriched UO2 HALEU 92.7% enriched U235

Coolant Liquid Na Liquid Na/NaK Liquid NaK-56

Power Conversion Stirling cycle Stirling cycle SiGe thermoelectric

Heat Rejection Carbon–carbon composite
heat pipe radiators ISS-inspired Rubidium heat pipe

radiators

Core Design Hexagonal, 84 fuel rods,
43 heat pipes -

Monolithic solid core, six
sectors, cylindrical axial
cavities

Moderator - Yttrium hydride (YH) -

Reflector Lunar Regolith - Berillium Oxide (BeO)

Height (m) 8.77 17.6 3.5 (no radiators)

Diameter (m) 0.50 (with radiators) 3.2 -

Modularity Subcritical subunits,
clustered for criticality

Three separate deployable
elements

Six hydraulically
independent sectors

Shielding Lunar regolith Distance from outpost Lunar regolith

Estimated Lifetime (yr) >5 10 21

Key Advantages

Inherently sub-critical
design, scalable, uses
proven materials, efficient
heat management, utilizes
lunar regolith for shielding

Deployable design, uses
HALEU fuel, based on
flight-qualified
components, efficient heat
rejection system

Highly reliable, passive
safety features, negative
temperature reactivity
feedback, avoids single
point failures

The LEGO reactor excels through its modular design approach and innovative use
of lunar regolith for both shielding and neutron reflection. This dual utilization of lo-
cal resources could significantly reduce Earth-launched mass, potentially offsetting its
higher specific mass compared with SC-SCORE. However, the greater excavation depth
requirements present a notable challenge for implementation. The design’s emphasis on
modularity and efficient use of in situ resources represents a significant advancement
in lunar reactor technology, particularly in its approach to radiation shielding and neu-
tron reflection.

The FSP reactor, being the most recent design, introduces several modern innovations,
including an integrated mobility platform and a modular three-platform configuration. Its
power output and configuration (6 reactors, 40 kWe) align closely with MOSS requirements,
and it benefits from component validation through the 2018 KRUSTY test. The design
demonstrates superior alignment with the project’s core requirements, particularly in terms
of operational parameters and power specifications. However, its larger dimensional
footprint and higher launch mass present logistical challenges. Most critically, its surface
installation design conflicts with established safety requirements, necessitating excessive
distance from the habitat.

A comprehensive analysis of these alternatives reveals distinct trade-offs. While
FSP provides the closest match to our power and operational requirements, its surface-
based installation protocol presents fundamental safety limitations. SC-SCORE’s compact
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design offers crucial advantages in implementation and energy efficiency, though it lacks
the necessary power output. LEGO’s innovative approach to modularity and resource
utilization represents important principles for future design considerations.

The optimal solution for the MOSS project would therefore integrate three key design
elements: FSP’s power output specifications and reactor configuration, which perfectly
match our operational requirements; SC-SCORE’s compact dimensional profile, which
minimizes installation energy requirements and optimizes safety through burial; and
LEGO’s modular architecture and regolith utilization strategy, which enhances operational
flexibility and resource efficiency. This synthesis of design elements would create a reactor
system that optimally balances power generation, installation efficiency, and operational
flexibility while maintaining compliance with all safety requirements.

5.2. Final Remarks and Future Developments

Future work should refine parametric studies to explore alternative reactor configura-
tions, which could bring reactors closer to the outpost, reduce wiring needs, and facilitate
supply logistics while preserving base safety. Additionally, while not considered here, fis-
sion reactors designed for terrestrial applications could be studied for potential adaptation
to the lunar surface.

6. Conclusions
This study has provided a detailed analysis of reactor configurations for the MOSS

project, with a focus on optimizing the balance between safety, energy efficiency, and
operational feasibility. The results suggest that the most effective configuration involves
five to six reactors with a three-meter dip width and a safety distance of 90 m. This design
minimizes energy losses while maintaining the necessary safety margins.

When comparing existing reactor concepts—SC-SCORE, LEGO, and FSP—distinct
trade-offs emerge. SC-SCORE’s compact design and passive safety features offer significant
advantages in energy efficiency and safety, though it falls short in power output. LEGO’s
modular approach and innovative use of lunar regolith for shielding present a promising
solution for resource utilization but require deeper excavation. FSP, while aligning with the
power output needs and operational requirements of MOSS, introduces challenges related
to safety due to its surface installation design.

The most effective reactor solution for the MOSS project would combine the strengths
of these three concepts: FSP’s power output and reactor configuration, SC-SCORE’s com-
pactness to reduce excavation needs and optimize safety, and LEGO’s modularity and
utilization of lunar regolith. This integrated approach would offer a balance of power gen-
eration, installation efficiency, and operational flexibility, ensuring that the MOSS project
meets its energy requirements while adhering to safety and logistical constraints.

Further experimental validation and testing are necessary to ensure that these pro-
posed configurations will perform as expected in real-world conditions. In particular,
additional attention must be paid to excavation techniques, long-term operational reliabil-
ity, and safety margins. Ultimately, the findings from this study contribute to advancing
the development of an efficient, scalable, and safe energy solution for lunar settlements,
supporting the broader goals of the MOSS project.
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