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Abstract: Due to the extreme cost of cargo transportation from Earth to the lunar surface, future lunar
base subsystems are required to be rigorously optimized in terms of mass reduction. The purpose of
this paper was to identify and evaluate the influence of key parameters of proposed lunar base power
systems, as well as of the lunar environment on the total power system mass. Nine different power
systems were studied as combinations of two power sources and three energy storage technologies.
Power system architecture, total power demand of the base, its power management strategy, so-
lar array structure type, Selenographic latitude and solar illumination conditions were nominated as
the primary parameters for this study. Total power system mass calculations were performed for
more than 200 combinations of these parameters, including three separate case studies. The total
mass calculated for each combination included a power source, an energy storage unit, temperature
control and the balance of system. For the wide range of studied parameters, hybrid power systems
that combine solar and nuclear power were found to be the most advantageous solutions in terms of
mass reduction.

Keywords: extraterrestrial building physics; power system; energy storage; lunar base; photovoltaics;
nuclear reactor

1. Introduction
1.1. Plans for a Lunar Base in the 20th and 21st Century

The first conceptions of a manned lunar outpost date back to the late 1950s and early
1960s, when the feasibility of the Horizon and the Lunex projects were studied by the United
States [1,2]. At that time a semi-permanent human presence on the Moon was also one of the
main goals of the Soviet Union space program [3]. With the end of the successful American
manned lunar Apollo program in 1972, a soviet robotic sample return, the Luna 24 mission,
carried out in 1976, marked the end of vigorous lunar exploration in the 20th century [3,4].
Since late 1980s, subsequent United States (U.S.) administrations have presented their
ambitious lunar manned exploration strategies that included establishing research bases or
even in situ resources utilization (ISRU) facilities at the Moon’s surface [5–8]. Starting with
a successful mission of Chang’e-1 lunar orbiter in 2007 [9], the People’s Republic of China
consequently realizes their lunar exploration program that, to date, includes deploying and
operating two lunar rovers [10,11], the first ever soft landing on the far side of the Moon [11],
and conducting a successful sample return mission [12]. In 2017, American president
Donald Trump announced a new national space program—Artemis, along with its goal to
land the next man and the first woman on the Moon by 2024 [13–15]. The long-term purpose
of Artemis is to engage commercial contractors and U.S. international partners to establish
sustained human presence on the Moon, starting with the Artemis Base Camp located at
the lunar south pole [14,16,17]. Most recently China presented the architecture and mission
profile for their future manned lunar landings [18,19]. Many commentators consider these
events of the last years as the very first steps of a new space race between two global
superpowers, as well as a threshold of a new era of commercial space exploration [20–25].
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These circumstances may actually result in the establishment of the very first lunar base
before the end of the third decade of the 21st century.

1.2. Lunar Base Power Systems

One of the most challenging aspects of a lunar base design is its power system.
Any manned extraterrestrial outpost will require electric power to operate various thermal
control and life support systems to enable human habitation in a hostile space or planetary
environment [26]. Electricity is also necessary to power scientific equipment and to run any
ISRU operations. In case of any near-future lunar base, its power system will constitute a
significant portion of its mass [27,28]. Considering the contemporary costs of space trans-
portation, [29–32] total power system mass presents a subject of thorough optimization.

1.3. Nuclear Fission Reactors

Over the previous decades, two major power sources for a lunar base have been dis-
puted. With solar cell technology of the 60s and 70s being highly inefficient, early concepts
were based solely on nuclear reactors [1,2]. These solutions are reliable and able to work
continuously for years, regardless of environmental conditions. In particular, space-rated,
compact nuclear reactors are not dependent on the availability of solar radiation and
thus are able to continuously supply power to a lunar base without a need for a massive,
high-capacity energy storage system (ESS) [27,33–36]. Nonetheless, when using a nuclear
reactor to power a manned lunar base, the issue of radiation protection must be addressed.
A contemporary approach assumes maintaining safe separation distance between the
reactor and any habitable infrastructure or using lunar regolith as shielding material [27].

1.4. Photovoltaic System

One of the first proposals of powering a Moon base only with an unaided photo-
voltaic (PV) system appeared in 1990s [37]. During the three decades that passed since,
PV technologies have made considerable advances and today’s space solar cells offer
state-of-practice multijunction cells with efficiencies up to 32% [38]. Due to the lack of
atmosphere, the Moon is an extraordinarily advantageous place to harness solar energy [39].
The most notable advantage of solar cells as a power source is their very high specific
power (power-to-mass ratio, PMR). The space solar cells currently used have a PMR as
high as 350 W/kg [38]. When the balance of a plant is considered, the PMR of a complete
PV system for a lunar surface may be reduced to the region of 130 W/kg [27], which is still
significantly more than the PMR of space-rated nuclear fission reactors (NFR), which offer
approximately5 W/kg [27,36]. Solar cells are, however, susceptible to cosmic radiation—a
single strong solar proton event (SPE) may permanently reduce the energy efficiency of
monocrystalline silicon solar cells by about 20–25% and the efficiency of the contemporary
multijunction PV cells by about 5–10%. At the Moon’s surface, constant exposure to the
galactic cosmic rays (GCR) is expected to cause 2–3% annual degradation of PV system
performance [40].

The greatest limitation of any Solar-based power system at the lunar surface reveals
itself due to exceptionally long lunar nights. Owing to the relatively slow rotation of the
moon, an average lunar cycle (LC) also known as the synodic month, lasts 29.531 earth
days [39]. It implies that the solar-powered lunar base must be equipped with an energy
storage solution of considerable capacity, which would guarantee the functioning of a base
for more than the two-week-long lunar night.

1.5. Energy Storage Systems
1.5.1. Lithium-Ion Batteries

The best available solution for ESS with sufficient technological readiness are Lithium-
ion (Li-ion) batteries. Li-ion batteries have very high round trip efficiency and more than
ten years of successful space application history, which is more than sufficient to consider
this technology adequate to use onboard a lunar base [27,34,41]. The most important
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issue with Li-ion batteries as a high-capacity ESS is their unsatisfactory specific energy
(gravimetric energy density, eS) [42]. With eS of space-rated Li-ion batteries being ap-
proximately 200 Wh/kg, meeting an electric power demand for even a relatively small
lunar base throughout a lunar night requires many metric tons of Li-ion batteries [27,43],
not to mention the additional mass of energy storage temperature control system (TCS).
Considering the necessity for energy storage, the resulting total specific power of PV+Li-ion
power system may be reduced to about 1 W/kg [27].

1.5.2. Regenerative Fuel Cells

An alternative solution for the lunar base ESS are regenerative fuel cells (RFC). As de-
scribed by Fraser 2012 [28] and demonstrated by Colozza 2020 [27], the specific energy
of RFC-based ESS is power load-dependent. The RFC studied in the latter work reached
specific energy between 456 and 830 Wh/kg for power loads between 0.5 kW and 28.03 kW,
respectively. That, even with relatively low round trip efficiency of RFCs, allowed reduction
in the total PV+RFC vs PV+Li-ion power system mass by a factor of 2.4. Other authors [44]
reported experimentally obtained eS values of RFC between 300 and 1000 Wh/kg. The RFC-
based ESS has never been used in space and, as of today, its technological readiness still
remains insufficient for lunar base applications.

1.5.3. Lithium-Sulphur Batteries

Despite many unquestionable advantages that Li-ion batteries exhibit over older
types of secondary cells, numerous branches of industry intensively investigate other
technologies to increase the power density of energy storage, especially for large-scale
applications. One of the most promising candidates are Lithium–Sulfur (Li-S) secondary
cells, generally considered to be the successor of Li-ion technology for high energy density
applications [45]. The theoretical gravimetric energy density of a Li-S cell is ~2510 Wh/kg,
but the expected practical specific energy density is between 500 and 600 Wh/kg [46,47].
That means that Li-S batteries are expected to have two to three times higher specific
energy than the best performing contemporary Li-ion equivalents. The comparative study
conducted by Siczek et al., 2020 [48] demonstrated that Li-S batteries cooperate with PV
arrays equally well or, in some aspects, even better than Li-ion batteries. The study on
Li-S batteries’ capacity Recovery Effect performed by Maurer et al., 2018 [47] has shown
that up to 20% of the nominal cell capacity can be recovered after an initial 80% depth of
discharge. The fact that the Moon’s crust is relatively abundant in sulfur [49] presents a
potential for future manufacturing of Li-S cells from the lunar in-situ resources. It should be
pointed out, however, that Li-S technology must yet be refined before entering the market.
Today Li-S batteries exhibit limited instantaneous power capabilities, high self-discharge
and relatively high-capacity decay [45,46]. In most cases, the lifespan of a Li-S cell is limited
to few hundred cycles, especially at high discharge currents [45,50]. Fotouhi et al., 2017 [45]
as well as Zhu et al., 2019 [46] reported that numerous academic and commercial facilities
worldwide are focused on improving Li-S cell chemistry and construction. This brings
promising perspectives that new, safe, efficient and high energy density batteries will
become available for terrestrial and space applications in the near future.

1.6. Total Power Demand

The total power demand of a lunar facility depends mainly on its inventory and usage
profile, along with the round trip efficiency of the applied energy storage system (ESS),
as presented in detail by Kaczmarzyk et al., 2020 [33]. Generally, early lunar base concepts
assumed relatively high power demands due to the extent of planned operations and to the
relative inefficiency of technology of that time. Thanks to the declassification of some cold
war documents, one may learn that the U.S. Air Force project LUNEX assumed powering
of its subterranean military lunar outpost with a 300-kWe nuclear reactor [1]. Later projects
utilized more matured technologies and were calculated to increasingly limited potential
budgets. In their study on a lunar base thermal control system, Simonsen et al., 1988 [51]
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calculated total power demand for the studied subterranean lunar base to be circa 200 kW.
Revising their initial assumptions, the authors obtained a new power demand estimate
equal to 135 kW [52]. Friedlander and Cole 1988 [53] estimated that a 50–100-kWe power
system should be sufficient to support a semi-permanently inhabited lunar base with
a closed-loop life support system, personnel transporters, construction equipment, lim-
ited science facilities and a pilot plant for lunar oxygen production. Waldron 1990 [54]
stated that minimum power levels of 50–100 kW are required for life support and science-
only activities, but power levels in excess of 1 MW are needed to process lunar regolith to
produce propellant oxygen at a useful rate. Swanson et al., 1990 [55] studied the same lunar
architecture, as did Simonsen et al., 1988 [51], but assessed the total power demand of the
facility as 100 kW. Landis and Bailey 1990 [37] presented their estimation of the minimal
electric power demand of an initial, solar powered lunar settlement with a biological air
revitalization system to be 25 kW. In order to determine the cooling load for a heat pump-
based temperature control system, Sridhar et al., 1996 [56] assumed the total power load
of a studied lunar base to be 100 kW. In 2002 Cohen [57] stated, that the typical concepts
of baseline Lunar outposts with a long-term human presence (90 days or more) propose
power levels of 12 to 30 kW. Khan et al., 2006 [58] demonstrated a lunar base concept with
an 81-kW power requirement, including 43 kW for ISRU mining purposes. The most recent
works present somewhat lower estimates for power requirements. Colozza 2020 [27] calcu-
lated the constant power demand for an ISRU oxygen production facility and six-personnel
lunar base camp to be 25.8 kW and 28.05 kW, respectively. Kaczmarzyk et al., 2020 [33]
calculated their lunar base daily mean power load to vary between 6.7 kW at temporarily
unmanned, “keep alive” mode up to 13.1 kW while operating at the maximum assumed
capacity. It is to be observed that the analyses presented above are all case studies, each con-
ducted for a particular lunar base concept for a fixed location on the lunar surface. Only [27]
and [33] examined alternative power and energy storage systems for the studied bases,
nonetheless still for single lunar locations and their resulting environmental conditions.
More importantly, all of these works assume 100% relative sunshine duration which, in
case of some interesting lunar locations, may be far remote from the fact.

1.7. The Moon—A Globe of Extreme Illumination

In 1722 Jacques Cassini demonstrated, that the axial tilt of the Moon equals 1.54◦ and
is constant in time [39,59]. With its axis of rotation almost perpendicular to the ecliptic
plane, the Moon has practically no seasons but remains in a state of permanent equinox.
For further considerations, let us assume the definitions of the true horizon and the local
horizon according to [60], but with respect to the Moon. Let us define then the lunar
astronomical day (LAD) as the time when the centre of the Sun’s disc remains above
the true horizon, and the lunar astronomical night (LAN) as the time when the centre
of the Sun’s disc remains below the true horizon. In that case, LADs are always almost
exactly as long as LANs. At a specified lunar location, any seasonal changes in the Sun’s
paths of diurnal motion, diurnal surface temperature distributions or LAD/LAN ratios
are so minute, that they are neglected in most practical applications [61,62]. For a given
selenographic latitude φsel

◦ the maximum solar elevation angle (angular distance between
the true horizon and the centre of the Sun’s disc) Hsol may be calculated using Equation (1).

Equation (1)—Maximum solar elevation angle at the Moon’s surface. The value
1.54◦—lunar axial tilt is added or subtracted at the summer or winter solstice, respectively.

Hsol = 90 −ϕsel ± 1.54◦ (1)

It is clear then that at the subpolar regions of the Moon the Sun always remain close to
the true horizon, rising no more than 1.54◦ above it. In such conditions, the Sun may remain
obscured by terrain features for long periods of time, or as easily, may be continuously
visible from sufficiently high mountain peaks. The existence of such regions of extreme
illumination has been postulated by Beer and Mädler 1837 [63] and eventually confirmed
by the observations made by lunar orbiters at the beginning of the 21st century [64–68].
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Areas where direct solar illumination is highly limited or completely unavailable are called
“permanently shadowed regions” or “craters of eternal darkness” whereas regions of excep-
tionally long illumination are referred as “peaks of eternal light” (PEL). In fact, permanently
shadowed regions (PSR) may exist not only at the very lunar polar circle, but also at much
lower latitudes, at the bottom of sufficiently deep depressions. McGovern et al., 2013 [69]
reported that craters of eternal darkness may be found even at the 59th parallel and outside
lunar polar circles; permanently shadowed regions constitute 13.361 km2 and 17.698 km2

of the northern and the southern hemispheres, respectively. Basic information concerning
selected lunar craters with their floors at least partially hidden in permanent darkness are
presented in Table 1.

Table 1. Selected LUNAR craters of eternal darkness [65].

Name Selenographic Diameter (km) Depth (km)

Shackleton 89.9◦ S 0.0◦ E 21 4.2
Shoemaker 88.1◦ S 44.9◦ E 50.9 2.5

Erlanger 86.94◦ N 28.62◦ E 9.9
Sylvester 82.7◦ N 79.6◦ W 58 NA
Cabeus 84.9◦ S 35.5◦ W 98 4

Rozhdestvenskiy 85.2◦ N 155.4◦ W 177 NA

As of today, no perfect peaks of eternal light have been positively identified. However,
numerous locations were found to remain directly illuminated throughout most of a year.
Examples of such locations can be found in Table 2. Presented values of relative sunshine
duration are mean values for the year 2020. The values were calculated respective to
the LAD, i.e., 100% means continuous illumination throughout a lunar astronomical day,
and 200% would mean that the location actually remains continuously sunlit.

Table 2. Solar illumination conditions of the selected mountain peaks at the lunar south polar regions [64].

Location Selenographic Relative Sunshine Duration

Shackleton crater rim, point A 89.68◦ S 166.0◦ W 162%
Shackleton crater rim, point B 89.44◦ S 141.8◦ W 164%

Gerlache crater rim 88.71◦ S 68.7◦ W 170%
Shackleton crater rim, point C 88.79◦ S 124.5◦ E 172%

Malapert mountain A 86.04◦ S 2.7◦ E 148%
Malapert mountain B 86.00◦ S 2.9◦ W 148%

Lunar PELs and PSRs are locations of great scientific and engineering importance.
The former offer exceptionally advantageous conditions for PV power systems, while the
latter may contain water ice and other frozen volatiles preserved by these cold traps [70–72].
The rim of the Shackleton crater that lies at the south pole of the Moon offers numerous
PELs, while its interior remains in perpetual darkness [64,65]. This is the main reason,
why the Shackleton crater is a subject of interest of both American and Chinese lunar
exploration programs [14,16,19].

1.8. Aims and Objectives

To date no study of a lunar base power system has been published that would analyze
the influence of multiple technical and environmental variables on the vital parameters of
the system. Unlike the case studies presented in Section 1.6, the purpose of this work was
to perform a multiparametric study of a lunar base’s power systems with particular focus
on the influence of the wide range of site illumination conditions and power management
strategies on the total power system mass. Other variables included the most important
parameters of photovoltaic and nuclear power sources combined with three alternative
energy storage systems. The main objective of this study was to identify the most efficient
ways to reduce a lunar base power system mass and to apply these recommendations
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to select a feasible and reliable power system for three lunar outposts to enable their
functioning in three completely different lunar locations and environmental conditions.

2. Materials and Methods
2.1. Method

As stated in Section 1.2, the mass of the payload to be transported into space is a
critical parameter for the mission feasibility and its cost analysis. Thus, the main objective
of this study was to determine and compare total masses of alternative power systems to be
applied in a lunar base. Our goal was to examine the influence of selected key parameters
of the base and its power system on its total mass. We nominated seven variable parameters
for the evaluation:

• total power demand of the base;
• daily power load management strategy;
• type of applied power source;
• type of solar array structure;
• type of applied energy storage or energy buffering system;
• the base location (selenographic latitude);
• solar illumination conditions;

We therefore conducted total mass calculations for nine power system architectures
for over twenty different sets of parameters. The obtained results were subjected to
comparative analysis.

2.2. General Assumptions

We based some aspects of this analysis on the lunar base power load calculation procedure
presented in the previous work of the corresponding authors—Kaczmarzyk et al., 2020 [33].
This study was performed for a lunar base of the same architecture as of the LUNARES
habitat, although the architecture of the base influenced only the power demand of a base
TCS, which presents a relatively small portion of the total power load. The LUNARES
habitat is depicted in Figure 1. The object is located at the former military airport in Pila,
Poland. It has functioned since 2017 as the first European simulated planetary base.
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Table 3. Compartments in LUNARES habitat.

No. Compartment Floor Surface Area (m2) Interior Volume (m3)

1 Workshop 17.2 28.8
2 Storage 13.0 34.4
3 Galley 13.0 30.4
4 Dormitory 19.7 49.2
5 Operations room 19.7 49.2
6 Biolab 8.0 18.3
7 Bathroom 8.0 18.3
8 Atrium 37.2 150.0
9 Airlock 15.5 34.0

total 151.3 412.6
regulated temperature: 135.8 378.6

Whilst performing this study, it was found to be necessary to introduce some cor-
rections to the original assumptions made by Kaczmarzyk et al., 2020 [33]. They are
as follows:

• Due to the considerable volume of the base ESS, it was necessary to move it outside the
base and to equip it with individual, passive TCS consisting of multi-layer insulation
(MLI), a radiator, cold plates and heat pipes. This solution is used onboard the
International Space Station (ISS) [26] and was adopted by Colozza 2020 [27]. Due to
this modification, the ESS located outside the actively temperature controlled interior
no longer contributed to the base internal heat gain. We addressed this modification
in the base cooling load calculations.

• Another modification considered the base communication system with mission control
on Earth. On account of the possible polar or far side location of the base, uninter-
rupted visibility of Earth could no longer be guaranteed. This forced us to revisit
earlier assumptions of using direct optical communication with Earth and to substitute
the system with a relay Satellite. The power demand of the lunar surface to orbit
communication has been identified by [27] to be about 1 kW.

• The base equipment was re-examined and its usage adjusted to a more energy-saving
power profile e.g., previously constant lighting in the common compartments was
reduced to 16 h/day.

• The modified configuration of the original lunar base is referred to as the baseline
configuration for the further analysis.

• In the baseline configuration, the lunar base daily mean electrical equipment power
demand i.e., the value determined for the entire lunar cycle, Pequ.mean equals 7355 W.

In addition to these modifications, we based our study on the following assumptions:

• As the Moon has no atmosphere and most of its surface has relatively low albedo,
very little diffused radiation reaches shaded areas e.g., places shaded by boulders
etc. When shading accounts for relatively large portions of the lunar landscape
for prolonged periods of time, it may be assumed, that night-time conditions occur
there, even during lunar astronomical days (LAD). On the contrary, during lunar
astronomical nights (LAN), daytime conditions may occur at the peaks of eternal light.
Our calculations addressed this phenomenon by defining lunar day (LD) as a period
of time when the location of the analyzed lunar base remains directly sunlit. When the
location is in shade or during LANs we assume lunar night (LN). In other words,
LD and LN are defined by the Sun’s position with respect to the local horizon, not the
true horizon as was the case with LAD and LAN (Section 1.7).

• In cases when nuclear reactors are used as a power source, we also assumed the use
of relatively small energy storage systems, referred to as energy buffering systems
(EBS), to ensure current stability and for energy buffering, should the instantaneous
power demand of the base exceed the rated power of the reactor. The EBS would also
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provide additional redundancy for the power system to be used in case of reactor
malfunction.

• As in the case of the ESS, the EBS will be installed outdoors and will be equipped with
its own temperature control system.

• The base power systems were designed to continuously provide assumed mean
power—PLD and PLN during lunar days and nights, respectively. Any differences
between instantaneous and mean power demand are covered by the ESS or EBS.

• As is the case with the International Space Station (ISS) and almost every spaceship
power system, the studied lunar base uses direct current (DC).

• Considering the limited amount of fissile material in the reactor core, total power
system masses were calculated for 10 years of continuous lunar base operation [27,36].

• In order to maintain PV power system performance at an approximately constant level
during these 10 years, the effects of solar cell degradation in the lunar environment
are regularly compensated by annual deliveries of additional solar panels.

2.3. Parameter Range and Description
2.3.1. The Base Location

The most important variable that influences lunar surface thermal conditions and
maximum solar elevation angle, is selenographic latitude. The study was performed for
the following latitudes: 0◦, 30◦, 60◦ and 89◦. The hemisphere is not specified, as the
solutions may be considered symmetrical with respect to the lunar equator. As mentioned,
selenographic latitude determines diurnal surface temperature distribution, which is one
of the factors to be used in the radiator sizing for the energy storage temperature control
system (see: Section 2.3). Table 4 contains lunar surface temperatures calculated for the
selected selenographic latitudes at specified moments of the lunar cycle [73].

Table 4. Lunar surface temperatures at selected selenographic latitudes and different times of day.

0◦ 30◦ 60◦ 89◦

after sunrise 130 130 130 130
noon 392 374 315 179

after sunset 145 144 140 133
before dawn 95 77 65 60

2.3.2. Solar Illumination Conditions

In order to account for varying solar illumination at the base site and its influence on
the PV system performance, the solar radiation factor (fSR) was introduced. The value of
fSR represents the ratio of solar energy received by an optimally oriented surface during
the lunar day (LD) to the amount of solar energy that would be received by that surface
during the lunar astronomical day (LAD).Optimally oriented surface refers to a fixed plane
with maximum possible solar gain. Possible values of fSR along with their representative
examples are presented in Table 5.

Table 5. Possible values of solar radiation factor with their representations.

fSR Physical Interpretation

0% permanently shadowed region, eternal lunar night
0% < fSR < 100% partial shading during LAD, suboptimal illumination, LD < LN

fSR ≈ 100% most of the lunar surface, LD ≈ LN
fSR = 100% no shading during LAD, LD = LN

100% < fSR < 200% subpolar mountain peak, LD > LN
160% ≤ fSR < 200% location commonly considered as a peak of eternal light

fSR = 200% perfect peak of eternal light
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This study was performed for the following fSR values: 25%, 50%, 75%, 100%,125%,
150%, 175% and 195%. fSR values exceeding 100% were assumed only for the lunar
polar location (89◦) where these illumination conditions may actually be found. It was
assumed that LD and LN durations are constant. As presented by [64,66] the validity of
this assumption must be individually verified for a specified site.

Calculations of the lunar base external heat loads for a complete lunar cycle (night-
time heat losses and daytime solar gains) required knowledge of LD and LN durations.
For the purpose of determining these two durations, a simplifying assumption was made
that, for a specified location, the value of fSR is similar to the LD/LAD ratio. In that case
tLD and tLN may be calculated using Equations (2) and (3), respectively.

Equation (2)—Length of a lunar day

tLD =

(
tLC·24

2

)
·fSR[h] (2)

Equation (3)—Length of a lunar night

tLN =

(
tLC·24

2

)
·(200% − fSR)[h] (3)

where:

tLD—length of a lunar day (h);
tLN—length of a lunar night (h);
tLC—length of a lunar cycle (synodic month), tLC = 29.531 Earth days.

It is to be observed that this assumption may not be precise, as the solar irradiance
on a fixed surface is not constant throughout daytime. This is, however, as good an
approximation as can be made without precise data concerning local topography and a
very sensitive astrometric model of the lunar orbit. On the other hand, any uncertainties
introduced by this assumption will only directly affect the external heat loads of the base.
The results of the case study performed for the very same architecture as studied here [33]
shows that the external heat loads, even at the equatorial regions of the Moon, have a
relatively minor impact on the total power demand of the base. We estimated that the
potential error resulting from our assumption cannot be more than ~3% of the total power
demand of the base, and only for the baseline configuration at 0◦ latitude. The relative
error will diminish with increasing latitude and total power demand.

2.3.3. Daily Power Load Management Strategy

To some extent, the total mass of the base power system may be controlled by utilizing
various power load management strategies. In order to save ESS mass and simultaneously
utilize solar energy more efficiently, it is possible to reschedule some activities (along with
their power loads) from lunar nights to lunar days. We examined the potential of this strat-
egy by identifying the combined power demand of these lunar base systems and devices
that are indispensable for base operations, especially during lunar nights. These were tem-
perature control and life support systems, communication, internal monitoring, lighting,
biolab equipment and the crew members’ personal devices [33]. These combined power
loads are referred to as the minimum base equipment power loads Pequ.0 equal to 6744 W.

As a quantitative representation of power load management strategies, we introduced
the power adjustment coefficient CPA, which may take a value between 0 and 1. The former
value represents no base equipment usage rescheduling—in that case LD and LN base
equipment power loads would be equal. In the opposite case, for CPA = 1, all non-vital
power loads are rescheduled from LN to LD and the respective power loads are then
calculated; the daily mean value remains unchanged. As is presented in detail in [33],
the LUNARES base functioned according to Earth-based circadian rhythm, with utter disre-
gard to the lunar diurnal cycle. Its power management strategy did not consider any power
demand optimization so the power adjustment coefficient for the baseline configuration
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was assumed to be zero. In our analysis the CPA parameter was assumed to take following
values: 0, 0.33, 0.66 and 1. Considering any potential enhancements of the base operations
e.g., installing additional base equipment, supporting surface vehicles or powering ISRU
operations, another parameter was introduced, allowing for convenient control of any
additional power loads in our lunar base power system model. This parameter is the power
increase coefficient CPI—it may take any positive value and its unit change increases the
base power load by 10 kW. It was assumed, however, that 90% of this additional power load
is expended outside the base, so only the remaining 10% contributes to the base internal
heat gains. In our analysis, the CPI parameter was assumed to take the value of 0, 2 and 4.
The base equipment power loads for the lunar nights and lunar days were calculated using
Equations (4) and (5), respectively.

Equation (4)—The base equipment lunar nighttime power load

Pequ.LN =
(
Pequ.mean + 10, 000·Cpi

)
·
(
1 − Cpa

)
+ Cpa·Pequ.0[W] (4)

Equation (5)—The base equipment lunar daytime power load

Pequ.LD =

(((
Pequ.mean + 10, 000·Cpi

)
·(tld − tln)

)
−
(
Pequ.LN·tln

))
tld

[W] (5)

where:

Pequ.mean—the baseline configuration daily mean electrical equipment power demand (W);
Pequ.LN—lunar night-time base equipment power load;
Pequ.LD—lunar daytime base equipment power load;
Pequ.0—minimum base equipment power load (W);
tLN—Length of a lunar night (H);
tLD—Length of a lunar day (H);
CPA—power adjustment coefficient;
CPI—power increase coefficient.

Based on these equipment power loads, the corresponding values of internal heat
loads Qint,LD and Qint,LN were established. This aspect of the calculation was elaborated
upon in detail by Kaczmarzyk et al., 2020 [33]. The next step was to determine external
heat loads i.e., lunar daytime solar gains Qext,LD and lunar night-time heat losses Qext,LN.
These were obtained according to Simonsen et al., [52]. As soon as all the internal and
external heat loads were known, power demand for LD and LN of the base TCS were
calculated according to [33]. Finally, the lunar base total power demands PLD and PLN
were calculated using Equations (6) and (7).

PLD = Pequ.LD + PTCS.LD[W] (6)

PLN = Pequ.LN + PTCS.LN[W] (7)

where: PLD and PLN are the lunar base total power demands for lunar days and lunar
nights, respectively; PTCS.LDD and PTCS.LN are the lunar base temperature control system
power demands for lunar days and lunar nights, respectively.

2.3.4. Power Sources

Three main power source configurations were studied in our analysis:

• Photovoltaic array (PVA);
• Nuclear fission reactor (NFR);
• Hybrid power system (PVA+NFR).

The first configuration uses a PV array to cover lunar daytime base power demand
and to produce excess energy to be stored for lunar night-time operations. During the lunar
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night the base is powered by its energy storage system (ESS). The required rated power of
the PV array PPV was calculated using Equation (8):

PPV = Pequ.LN +

(
ELN

tLD·ηreg

)
[W] (8)

where:

ELN—energy to be stored in the base ESS (Wh);
ηreg—regenerative cycle energy efficiency of the base TCS.

Based on the PPV, the PV array surface area APV was calculated according to Equa-
tion (9):

APV =

(
PPV

TSI·CST·ηSC·fSA·ηenv

)
[W] (9)

where:

TSI—total solar irradiance at the Moon’s surface, equal to 1360 W/m2 according to [39];
ηSC—nominal energy efficiency of the solar cells. ηSC = 32% was assumed for the quadruple
multijunction space solar cells, according to the manufacturer’s specifications [38];
ηenv—mean expected environmental efficiency of the solar cells at the Moon’s surface,
due to the exposure to the local temperatures and cosmic radiation environment; for the
selected cells ηenv = 80% was assumed according to [40];
fSA—solar array fill factor (ratio of the solar cell area to the array area), fSA = 89% [27];
CST—the Sun tracking coefficient; its meaning is explained below and the values presented
in Table 6.

Table 6. Solar energy absorbed per unit surface by various types of solar arrays.

Array Type Absorbed Solar Energy
(kWh/m2/LD)

CST Sun Tracking
Coefficient

Dual axis tracker 1695.39 100%
Optimally tilted single axis tracker 1695.14 99.99%

Optimally tilted fixed mount 1049.66 61.91%

One of the parameters we intended to study in this paper was the orientation of the PV
panels during the lunar day. Common practice for lunar PV systems is to use a fixed mount
for the solar panels and to orient the array toward the equator with its tilt angle equal to
the site latitude [27,28,37,39]. This orientation is considered optimal as it guarantees the
highest insolation for fixed PV panels. As the Moon may be assumed to have no seasons,
a fixed solar array orientation retains its mean effectiveness throughout the whole year.
It is, however, subjected to the hourly changes in its output power due to changing solar
incidence angle. This problem may be minimized by applying solar trackers, that orient
the array towards the Sun. As presented by Kaczmarzyk et al., 2018 [39] thanks to the
lack of the lunar atmosphere (always optical air mass AM0) applying a dual-axis solar
tracker would have increased the amount of energy received by the solar array by 59%
compared with the most optimally oriented fixed array. For the purpose of this study,
we therefore introduced the Sun tracking coefficient which represents the ratio of the solar
energy absorbed during the lunar astronomical day by the unit surface of the selected type
of solar array to the same amount of energy absorbed by a dual-axis solar tracking array.
In order to obtain the necessary data, we utilized the lunar engineering astrometric model
developed by Kaczmarzyk et al., 2018 [39]. To account for the reduced light absorption
at large incidence angles, the astrometric model was enhanced by incorporating Schlick’s
approximation formula for the specular reflection coefficient [74]:

Rθ = R0 + (1 − R0)·(1 − cos(θ))5 (10)
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where:

Rθ—is the specular reflection coefficient as a function of the angle of incidence;
θ—the angle of incidence;
R0—is the minimal reflection coefficient i.e., for θ = 0◦. We assumed R0 = 0.025 for a very
wide spectral range [75].

The calculations were conducted in Matlab 2019a. The results are presented in Table 6.
The Results are latitude-independent as the Moon has no atmosphere.

It is to be observed that, due to very small axial tilt of the Moon, the difference between
the performance of single axis and dual axis trackers is almost imperceptible. It is clear that
using more complicated and heavier dual axis trackers is ineffectual at the Moon’s surface.
In that case, only the fixed mount and single axis tracking solar arrays were considered
in this study. Obtaining the APV value enables the calculation of the mass of the PV array
MPVA. It consists of two components, according to Equation (11):

MPVA = MPVP + MPVS (11)

where the mass of PV panels (sometimes referred to as the PV blanket) MPVP and the mass
of the array structure MPVS are to be calculated using Equations (12) and (13) respectively:

MPVP = APV·ρPVP (12)

MPVS = APV·ρPVS (13)

where ρPVP is the areal density of the PV blanket kg/m2. Based on the manufacturer
specification [76], ρPVP = 1.20 kg/m2 was assumed ρPVS to be the specific mass of the array
structure kg/m2. For the fixed mount we assumed ρPVS = 0.55 kg/m2 for a carbon fiber
reinforced structure described by Duchek et al., 2018 [77]. Note the fact, that the assumed
value is about five times less than terrestrial, stainless steel fixed mounts [78]. This is
possible mostly due to low lunar gravity and lack of wind or snow loads. Obtaining ρPVS
for Moon-designed single axis tracking arrays was more problematic, because no such
structures exist yet [79]. Analyzing the differences in ρPVS for terrestrial equivalents of
these two array structure types [78,80,81], one may assume that single axis tracking arrays
are to be at least four times heavier per unit surface than fixed solutions. Comparing this
observation with the upper limit of specific power defined by the National Aeronautics
and Space Administration (NASA) for the solar arrays to be developed for their lunar
missions [79], we assumed ρPVS for a single axis tracking solar array structure equal to
2.5 kg/m2. When considering a fixed mount for the 89◦ latitude location with fSR > 100%,
a double solar array surface was assumed in order to enable utilization of the sunlight
coming from the polar direction. In that case, ρPVS = 0.85 kg/m2 for the double-sided fixed
mount was assumed.

Since our study encompasses a 10-year period of base operations, PV cells’ degra-
dation in the lunar environment must be accounted for. We assumed annual deliveries
of additional PV panels to counteract the PV system performance degradation. Accord-
ing to [40], at the Moon’s surface, state-of-the-art space solar cells will experience steady
efficiency loss, about 3% per year. In this case, keeping the PV system at its initial rated
power for 10 years will require an additional 30% of the initial PV array mass MPVA.

The last component of the PV system to be included in its mass calculation is the
balance of system i.e., array wiring, a transmission line and a breaker box. In our calcula-
tions of the mass of balance of the PV system MPV.BOS we adopted the procedure described
in detail by Colozza 2020 [27]. The energy storage system with all of its components is
considered as a separate subsystem and its sizing and mass calculation procedure are
described in Section 2.3.5.
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Nuclear Fission Reactor

The second variant of the lunar base power source is based on utilizing a nuclear
fission reactor to supply electric energy to the base. The most recent developments in
the field of nuclear power for space applications are the American Kilopower project.
The purpose of the project is to develop a new class of safe, efficient and reliable compact
nuclear reactors with rated electrical power ranging between 1 kW and 10 kW. The very
first Kilopower Reactor Using Stirling Technology (KRUSTY) was successfully tested in
2019, as reported by McClure 2020 [36]. This study assumes using KRUSTY reactors to
power a lunar base. The most important features of KRUSTY are presented in Table 7.

Table 7. Kilopower Reactor Using Stirling Technology (KRUSTY) reactor specifications.

Parameter 1-kWe Reactor 10-kWe Reactor

Nuclear fuel 93 percent enriched solid cast U-235 Mo alloy
Design life >10 years >10 years

Advanced Stirling engine efficiency 23% 23%
Reactor thermal power output 4.3 kW 43 kW

Electrical output power 1 kW 10 kW
Output power voltage 120 V DC 120 V DC

Dose rate at 100 m distance 26.3 REM/year 657.5 REM/year
Distance for 5 rem/year dose rate 230 m 1150 m

Total mass 406 kg 1545 kg
Parameter 1-kWe reactor 10-kWe reactor

Nuclear fuel 93 percent enriched solid cast U-235 Mo alloy
Reactor mass scaling coefficient between 1 kW and 10 kW: CRS = 0.13 kg/W

The very first step in calculating the NFR system mass was to establish its power
load. The base crew radiation protection requires location of the reactor a safe distance
away from any manned infrastructure. In most cases, the distance is considerable and the
associated transmission power losses must be addressed in the calculations, according to
Equation (14):

PNFR = PBL·PTL [W] (14)

where PBL is the power demand of the lunar base, it should be assumed to be the larger
value from PLD and PLN. PTL is the transmission wire power loss. Because this value may
be precisely calculated only when the whole system is sized, at first its value must be based
on an initial guess. After the whole system sizing is complete, the PTL must be calculated
and fitted by iteration.

Comparing the masses of 1-kW and 10-kW reactors (Table 7), it is clear that the
reactor mass cannot be linearly scaled below 1 kW of electric power. The mass of certain
components cannot be reduced below a specified threshold [35,36]. It is, however, possible
to scale the reactor between its two working versions. We assumed, that it will be possible
to produce customized versions of KRUSTY with rated electric power within the 1–10 kW
range. Based on the data provided by [27,36] we determined the KRUSTY mass scaling
coefficient CRS presented in Table 7. It is to be observed that this coefficient is appropriate
only for KRUSTY reactors between 1 kW and 10 kW of electric power. Having the rated
power of a reactor assembly (PNFR), one may calculate the required number of 10 kW
reactors n10 kWr using the Equation (15):

n10kWr =
PNFR

10, 000
(15)

The result of Equation (15) should be rounded down to a whole number. Now it is
possible to calculate the number of the customized reactors using Equation (16):

nCPr =
PBL

10, 000
− n10kWr (16)
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The result of Equation (16) has to be rounded up to a whole number; nCPr will be
either 0 or 1. If a customized-power reactor is used (nCPr = 1), its rated power should be
calculated according to Equation (17):

PCP = PBL − n10kWr ·10, 000 [W] (17)

The result of Equation (17) must be rounded up to the whole multiple of 1000; the low-
est possible rated electric power of KRUSTY is 1000 W. The mass of a customized-power
reactor MCPr is to be calculated using Equation (18):

MCPr = M1kWr + CRS ·(PCR − 1000) [kg] (18)

When the number of reactors and their electric output power are known, it is possible
to calculate the radiation dose rate at a100-m distance from the reactor assembly H100
using Equation (19):

H100 = n10kWr·657.5 +
(

26.3 + (PCR − 1000)· (657.5 − 26.3)
9000

)[
REM
year

]
(19)

where 26.3 and 657.5 are dose rates in REM/year at the 100-m distance from 1-kW and 10-
kW KRUSTYs, respectively (Table 7). It was assumed, that the astronauts will be protected
from the ionizing radiation emitted by the reactor assembly, so that their whole-body total
effective dose equivalent Hmax is no more than 5 REM/year [82]. Due to the fact that dose
rates from different sources are additive and the dose rate is inversely proportional to the
square of the distance from the source of radiation, we calculate the safe distance of the
base from the reactor assembly LRA according to Equation (20):

LRA =

√((
H100

Hmax

)
·1002

)
[m] (20)

where 100 is the distance m at which 26.3 and 657.5 REM/year dose rates are taken from
1-kW and 10-kW KRUSTYs, respectively. The mass of the voltage converters and of the
transmission line, along with transmission power loss PTL were calculated according to
the procedure presented in [27]. Additionally, we optimized the transmission line wire
diameter in order to obtain the lowest possible system mass. An energy buffering system
with all of its components is considered as a separate subsystem and its sizing and mass
calculation procedures are described in Section 2.3.5.

Hybrid Power System

The third option for a lunar base power source is the hybrid configuration that assumes
using a PV system during the lunar day and a nuclear fission reactor during the lunar
nights. This solution allows utilization of solar energy during the LD and assurance of
powering the base during LN without a need for a massive, high-capacity energy storage
system with its temperature control system. Both the PV and NFR systems in the hybrid
configuration must be sized in accordance with the base power demand assumed for their
respective parts of the lunar cycle. With the minor changes, PV and NFR systems are to
be sized exactly as previously described. The only changes consider both systems rated
power assumptions. In case of the PV system, its rated power for hybrid configuration PPV
(Equation (8)) is reduced to the form: PPV = PLD. Similarly, when calculating rated power
of the NFR system (Equation (14)), the base power load PBL = PNL. The energy buffering
system with all of its components is considered as a separate subsystem and its sizing and
mass calculation procedure are described in Section 2.3.5.
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2.3.5. Energy Storage and Energy Buffering Systems
Energy Storage System

An energy storage system (ESS) is a vital part of a solar-powered lunar base power
system. Being recharged throughout the lunar day, the ESS function is to provide electric
energy to the base during more than two-week-long lunar nights. The energy that needs to
be stored in the ESS depends on its discharge cycle energy efficiency ηdis as presented in
Equation (21):

ELN = PLN·
tLN

ηdis
[Wh] (21)

In this paper, three variants of ESS were considered: Lithium-ion (Li-ion) and Lithium–
Sulfur (Li-S) batteries and regenerative fuel cells (RFC). The most important parameters of
these ESS are presented in Table 8.

Table 8. Notable properties of the studied energy storage systems.

ESS Type: Li-Ion Li-S RFC

regenerative cycle energy efficiency ηreg 99% 99% 85%
discharge cycle energy efficiency ηdis 99% 99% 65%

round trip energy efficiency ηRT 98% 98% 55%
specific energy eS (Wh/kg) 200 550
specific power PMR (W/kg) 300 1000 300–1000

assumed depth of discharge DOD 80% 90% 90%
ESS type: Li-ion Li-S RFC

regenerative cycle energy efficiency ηreg 99% 99% 85%
discharge cycle energy efficiency ηdis 99% 99% 65%

In the case of both types of batteries, energy efficiency of the discharge cycle as well
as their specific power are discharge-rate dependent. In general, the lower the discharge
rate, the higher ηdis value may be obtained [27,41,83]. The values presented in Table 8 refer
to a relatively slow, continuous discharge throughout the lunar night. As demonstrated
by Mallon et al., 2017 [84] the depth of discharge (DOD) has a very strong effect on Li-ion
batteries’ cycle life. For Earth orbit satellites, where long life cycles (>30,000 cycles) are
expected [85], ensuring reliability and safety requires the DOD of Li-ion batteries to be
limited to about 40% [41]. In lunar conditions, however, during 10 years of operation the
batteries will experience 123 cycles only, so DOD rates as high as 80% are fully acceptable.
Deep discharges are reported not to have significant effects on Li-S batteries [47]; nonethe-
less it was decided to leave a 10% capacity safety margin for these batteries. The RFCs can
theoretically use all of the stored reactants but in practice it is to be expected that some
of the water, hydrogen and oxygen will always remain in the lines and tanks, so the 10%
margin was assumed here as well. Specific power and specific energy of the RFCs are,
to some extent, proportional to the operating power of the system [27,28,44], but these
parameters had no direct influence on the applied RFC sizing process. The procedure to
calculate the ESS mass depends on the type of the system. In case of the two types of
batteries, the mass of batteries may be calculated according to Equation (22).

MB =
ELN

eS·DOD
[kg] (22)

Besides the batteries themselves, battery-based ESS includes also the battery charge
controller. We calculated its mass MBCC as presented in [27].The total mass of the battery-
based energy storage system MESS,B was therefore calculated as Equation (23).

MESS,B = MB + MBCC[kg] (23)

Sizing the RFC-based ESS is a more complicated process, which requires calculating
the mass of the reactants as well as their tanks, electrolyzer and fuel cell stack. The entire
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procedure has been thoroughly described by Colozza 2020 [27] and we found it unproduc-
tive to elaborate it here.

Energy Buffering System

As described in Section 2.3.5, the energy buffering system (EBS) is a type of relatively
low-capacity energy storage, that serves mostly for power regulatory purposes. In our
study, we considered using the EBS in NFR and hybrid systems, as these lack the high-
capacity ESS typical for PV-only power systems. According to our assumptions, the EBS
must be able to deliver 130% of the maximum power load and to have sufficient capacity
to provide, in case of emergency, minimum base equipment power load Pequ.0 for 24 h
continuously. That means that there are two conditions according to which the EBS is to be
sized. The first one is the output power of the batteries. Meeting this condition requires
batteries’ mass to be no less than that calculated using Equation (24):

MEBS.B,1 =

(
1.3·max

(
PLD
PLN

))
− min

(
PLD
PLN

)
PMR

[kg] (24)

The second condition is related to the capacity. The total mass of the batteries with
sufficient capacity may be calculated according to Equation (25):

MEBS.B,2 =

(
Pequ,0 + max

(
PTCS,LD
PTCS,LN

))
·24

es·ηdis·DOD
[kg] (25)

Finally, the mass of EBS batteries MEBS.Bis is to be selected as the larger value of these
two results according to Equation (26):

MEBS.B = max
{

MEBS.B,1
MEBS.B,2

(26)

In case of the RFCs, meeting the capacity condition requires proper sizing of the
volume of reactant storage tanks and the mass of the reactants themselves. The minimum
output power of the RFC-based EBS is to be guaranteed by ensuring adequate flow rate
of the reactants. Sizing the RFC-EBS was accomplished the same way as in the case
of RFC-ESS.

Energy Storage Temperature Control System

All energy storage devices produce waste heat during their operations. The problem
is most significant for the RFCs due to the relatively low energy efficiency of the fuel
cells. In the lunar surface environment, waste heat generation by a massive ESS becomes a
serious problem due to relatively low radiative heat transfer to outer space, extremely low
thermal conductivity of the lunar regolith and the absence of a proper heat sink [33]. In this
situation, all the ESS components must be protected from additional heat gains caused
by solar radiation and equipped with additional solutions enabling efficient dissipation
of waste heat. Protection from the solar radiation is realized by the application of multi-
layer-insulation (MLI), while the waste heat is removed by a passive system consisting
of cold plates and heat pipes that transfer the heat to the radiator. We conducted our
calculations of ESS-TCS mass on the scaling coefficients method presented in detail in [27].
Temperatures of the lunar surface necessary to perform the calculations for different
selenographic latitudes are presented in Table 4.
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3. Results and Discussion
3.1. Baseline Configuration

The baseline configuration of the studied lunar base often served as a reference case
for our analysis. The details of this configuration are gathered in Table 9 as a supplement
to the information provided in Section 2.2.

Table 9. Parameters of the baseline configuration.

Parameter Symbol Value

selenographic latitude φsel (◦) 0
Solar radiation factor fSR (%) 100

Power adjustment coefficient CPA (-) 0
Power increase coefficient CPI (-) 0

Sun tracking coefficient CST (%) 61.9
Solar array structure specific

mass ρPVS (kg/m2) 0.55

Table 10 presents a detailed power system breakdown for the baseline configuration.
One may easily observe, that for the baseline configuration, any power system utilizing

nuclear reactor exhibits a considerable mass advantage over PV-only solutions. The lowest
mass 2220 kg is achieved by a hybrid (NFR+PV) system using Li-S batteries. Although its
batteries (335 kg) weigh somewhat more than the energy storage of NFR+PV+RFC system
(296 kg), high energy efficiency Li-S batteries produce much less waste heat than the fuel
cells, which largely saves its TCS mass. The great majority of any PV-based system mass
(70–95%) is produced by its high-capacity ESS. The RFC-based energy storage is clearly the
least massive ESS, but in comparison with Li-S batteries most of the RFC’s mass advantage is
lost due to its need for a much larger TCS. For a relatively low-capacity energy buffer, Li-S
batteries with their TCS present a considerable mass advantage over the RFC and its TCS.
When high-capacity ESS is discussed, the RFC becomes more advantageous, even despite its
relatively massive TCS. Relatively low specific energy of Li-ion batteries makes this ESS/EBS
solution definitely the least favorable option when the total system mass is considered.

3.2. Location

In order to determine the impact of the lunar base global location on its power system
mass, we performed the sizing procedure for all nine power system architectures for the
four different selenographic latitudes. Total masses of each system at different latitudes are
given in Table 11.

In general, our results demonstrate, that the selenographic latitude has little impact on
the total mass of a lunar base power system. In most cases, the relative difference between
the results for a specified power system are about 1% or less, as demonstrated in Table 12.

The only significant variations in Mtot with latitude are observed for the three power
systems that use RFCs for energy storage or buffering. In every case however, an increase
in a system mass is noticed between 0◦ and 30◦ latitude. After that, Mtot decreases with
growing latitude. We are convinced that this trend is to be explained by the interaction
between the TCS radiator and the sunlight incident on it. For any solid there exists a
solar elevation angle that results in a maximum instantaneous illumination of that solid.
For a cube this angle is 45◦, as the function sinθ + cosθ yields the maximum possible
value at that angle. Different latitudes give different values of daily mean solar elevation
angle, which is one of the factors influencing the radiator mass [27]. During the lunar day
solar heat gains received by the radiator increase its temperature and negatively affect
its performance. In practice, the problem is complicated by latitude-related lunar surface
diurnal temperature changes as seen in Table 4. It may be observed that relative system
mass differences are particularly high for RFC-based systems. This energy storage solution
has relatively low energy efficiency and, as a result, relatively high waste heat emission.
The RFCS that require particularly large radiators for their waste heat dissipation seem to
be highly susceptible to the described effect.
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Table 10. Baseline configuration power systems breakdown.

Power System
Architecture

Power System Components Mass (kg)

Solar Array MPVA
Reactor

Assembly MNFR
Batteries MESS.B

Regenerative Fuel
Cells MESS.RFC

Temperature Control
System MTCS

Balance of
System MBS

Total Mass Mtot

PV+Li-ion 246 0 17,526 0 630 10 18,412
PV+Li-S 246 0 5668 0 262 10 6186
PV+RFC 336 0 0 4236 1500 15 6087

NFR+Li-ion 0 1545 1026 0 93 338 3002
NFR+Li-S 0 1545 334 0 64 338 2282
NFR+RFC 0 1545 0 296 698 338 2877

NFR+PV+Li-ion 130 1418 1027 0 93 271 2940
NFR+PV+Li-S 130 1418 335 0 64 271 2220
NFR+PV+RFC 130 1418 0 296 698 271 2814
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Table 11. Total mass of a power system as a function of its architecture and selenographic latitude.

Power System Architecture Total System Mass Mtot (kg)
0◦ 30◦ 60◦ 89◦

PV+Li-ion 18,412 18,417 18,386 18,372
PV+Li-S 6186 6191 6160 6146
PV+RFC 6087 6247 5464 5152

NFR+Li-ion 3002 3007 2982 2971
NFR+Li-S 2282 2287 2262 2252
NFR+ RFC 2877 2953 2582 2445

NFR+PV+Li-ion 2940 2944 2917 2904
NFR+PV+Li-S 2220 2224 2197 2184
NFR+PV+RFC 2814 2890 2516 2377

Table 12. Maximum relative differences in the total system mass based on the data for 0◦, 30◦, 60◦ and
89◦ selenographic latitude.

Power system Architecture Max. Relative System Mass Difference (%)

PV+Li-ion 0.25
PV+Li-S 0.73
PV+RFC 17.53

NFR+Li-ion 1.17
NFR+Li-S 1.54
NFR+ RFC 17.23

NFR+PV+Li-ion 1.34
NFR+PV+Li-S 1.78
NFR+PV+RFC 17.75

3.3. Solar Radiation Factor

The study on the influence of varying solar illumination conditions on the power
system total mass was based on the analysis of a modified baseline configuration of the
facility. The analysis was performed for the eight different fSR values. All the calculations
were performed for the lunar polar location (89◦), where sites of those extreme illumination
conditions may actually be found. For the fixed solar array mounts with fSR > 100%,
we assumed a double solar array surface in order to enable utilization of the sunlight
coming from the equatorial and from the polar direction. In that case, ρPVS = 0.85 kg/m2

for double-sided fixed mount was assumed. Parameters for the Solar radiation factor study
are presented in Table 13.

Table 13. Parameters for the Solar radiation factor study.

Parameter Symbol Value/Range

selenographic latitude φsel (◦) 89

Solar radiation factor fSR (%) 25%, 50%, 75%, 100%, 125%,
150%, 175%, 195%

Power adjustment coefficient CPA (-) 0
Power increase coefficient CPI (-) 0

Sun tracking coefficient CST (%) 61.91%
Solar array structure specific mass ρPVS (kg/m2) 0.55 and 0.85

The results for nuclear and hybrid power systems are presented in Table 14.
As expected, all three nuclear-only (NFR) power systems were completely unaffected

by varying solar illumination conditions. The three hybrid power systems (NFR+PV)
experienced slight increase in their masses when enhanced PV arrays were applied for
fSR > 100%. Although the hybrid systems are slightly more massive than NFR systems,
utilizing solar radiation during prolonged lunar days saves the nuclear fuel and pro-
longs the reactor’s operational time. Despite their higher weight and increased system
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complexity, hybrid power systems have the potential to be more beneficial in the long
term, when >10 years operation periods are analyzed. A wide range of fSR resulted in
the obtainment of significant differences in lunar day and night durations, as depicted
in Figure 2.

Table 14. Total mass of the nuclear and hybrid power systems for different solar radiation coefficients fSR.

Power System Architecture Power System Total Mass (kg) Power System Total Mass (kg)
fSR ≤ 100% fSR > 100%

NFR+Li-ion 2915.39 2915.39
NFR+Li-S 2195.47 2195.47
NFR+ RFC 2388.56 2388.56

NFR+PV+Li-ion 2904.12 3014.56
NFR+PV+Li-S 2184.16 2294.60
NFR+PV+RFC 2376.51 2486.95
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Unlike NFR or hybrid solutions, the PV power system mass exhibits strong depen-
dence on the site solar illumination conditions. The results of this analysis conducted for
PV-based power systems are presented in Figure 3.
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The changes of fSR have a double effect on PV power systems. Firstly, it changes the
lunar day duration—a period used to produce and store electric energy to support night-
time operations of the base. In this way, the fSR influences the solar array power output
and, as a consequence, its mass. Secondly, fSR influences lunar night-time duration—a
variable crucial for sizing the base ESS capacity and so its mass.

Comparing the results from Table 14 and Figure 3, one may conclude that, according
to our assumptions, an fSR value of about 150% is necessary if the total mass of a PV-
based power system is to become comparable with nuclear or hybrid solutions. The first
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PV system to reach that mass advantage is the one combined with RFC energy stor-
age. With increasing solar energy availability and decreasing the required ESS capacity,
at fSR = 175%, the PV+Li-S system becomes lighter than PV+RFC and any NFR or hybrid
solution. The PV+Li-ion system requires as extreme illumination as fSR = 195% to outmatch
the NFR or hybrid systems.

3.4. Power Increase Coefficient

In this paragraph, the impact of the lunar base power load on the total mass of its
power system will be discussed. We performed power systems analysis for the three values
of the power increase coefficient CPI. A brief summary of the studied configurations is to
be seen in Table 15.

Table 15. Parameters for the base power increase coefficient study.

Parameter Symbol Value/Range

Selenographic latitude φsel (◦) 0
Solar radiation factor fSR (%) 100%

Power adjustment coefficient CPA (-) 0
Power increase coefficient CPI (-) 0, 2, 4

Sun tracking coefficient CST (%) 61.91%
Solar array structure specific mass ρPVS (kg/m2) 0.55

We named the three subsequent cases as the low, moderate and high power modes,
respectively. The lunar base power loads for these three power modes are presented
in Table 16.

Table 16. The lunar base power loads at various power modes.

Power Increase
Coefficient CPI

Power Mode Lunar Day PLD Lunar Night PLN

0 low 8977 7832
2 moderate 28,977 27,832
4 high 48,977 47,832

For a specified power mode, the base equipment loads are identical during LD and LN.
The differences observed between PLD and PLN are caused by different power demands of
the base active TCS which is subjected to different cooling loads during lunar days and
nights. Power system total masses for each studied architecture at the three power modes
are presented in Figure 4.Energies 2021, 14, x FOR PEER REVIEW 22 of 33 
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One may observe that, for every power system architecture, the relative differences
in the total system mass for the subsequent power modes are very similar to the ratios
of the total power demands for subsequent power modes. In other words, within the
assumed parameter range, the relative changes in power system masses are approximately
proportional to the relative changes in the total power demand of the base. It also means,
that the absolute mass differences increase with power demand. For example, in low power
mode, selecting the NFR+Li-S power system instead of the PV+Li-ion system saves about
16 metric tons of payload, but for the high power mode the saving grows to more than
99 metric tons. This shows that the proper selection of a lunar base power system is one of
the key factors determining the feasibility and cost of the endeavor. A previously presented
pattern is again to be observed here—for high-capacity energy storage, RFCs present a
net mass advantage, but in a relatively low-capacity energy buffering system, Li-S’s are
a better choice if the total mass is considered. The reason for this is a non-linear scaling
of RFCs, which exhibit low specific energy over low power output and at low storage
capacities. This phenomenon was previously reported and elaborated upon by [27] and [28].
This section of our analysis may be concluded with a statement, that unless extraordinarily
beneficial site illumination is available, the application of a nuclear power source for a
permanently manned lunar base seems to be unavoidable. For a great majority of the lunar
surface, two power systems are recommended: NFR+Li-S and NFR+PV+Li-S. The former
offers simplicity and a slight mass advantage over the latter, the latter, however, may have
extended lifespan and may be found to be more mass and cost effective after more than
10 years of operation.

3.5. Power Adjustment Coefficient

The influence of assumed power load management strategies on the lunar base power
system mass were studied by calculating the mass for each power system architecture for
four different values of power adjustment coefficients. Most of the baseline power demand
consists of the minimum base equipment power loads Pequ.0; relatively little power load
may be rescheduled from LN to LD in that particular configuration. We therefore decided
to use moderate power mode (see: Section 3.4) as a reference value for this part of our
analysis. The summary of the studied configurations is presented in Table 17.

Table 17. Parameters for the base power adjustment coefficient study.

Parameter Symbol Value/Range

Selenographic latitude φsel (◦) 0
Solar radiation factor fSR (%) 100%

Power adjustment coefficient CPA (-) 0, 0.33, 0.66, 1
Power increase coefficient CPI (-) 2

Sun tracking coefficient CST (%) 61.91%
Solar array structure specific mass ρPVS (kg/m2) 0.55

The power adjustment coefficient exerts a significant influence on the base power load
distribution in a lunar cycle, as shown in Table 17. Table 18 presents the lunar day and
night base power loads for each CPI value studied here.

Table 18. The lunar base power loads for various power management strategies.

Power Adjustment Coefficient CPA
Total Power Demand (W)

Lunar Day PLD Lunar Night PLN

0 28,977 27,832
0.33 35,804 21,005
0.66 42,630 14,178

1 49,663 7144

The results of the calculations conducted are presented in Figure 5.
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Figure 5. Total mass of the power systems for different power management strategies.

It may be observed that scheduling power-demanding lunar base operations for lunar
days while simultaneously minimizing lunar night-time power loads may result in a
considerable reduction in a PV-based power system’s mass. This strategy enables direct use
of relatively high specific power solar arrays, and at the same time reduces the amount of
energy to be stored in ESS, and as a consequence minimizing system mass. This practice is
not so beneficial for purely nuclear power systems. NFRs are sized according to the larger
of PLD and PLN power loads, so their efficient use promotes balanced power management
strategies. Scheduling as many power loads for lunar days is also recommended for hybrid
power systems, as it leads to decrease in the reactor’s mass. Despite the fact that adjusting
the base power loads for intensive lunar day operations presents a huge advantage for lunar
PV systems, the most effective, from a gravimetric point of view, is to use a hybrid power
system, most preferably one equipped with a Li-S energy buffer, should the technology
become eventually reliable and available.

3.6. Sun Tracking Coefficient and PV Array Structure

In this section of our analysis, two interrelated solar array parameters were stud-
ied. In order to assess the effect of using a solar array fixed mount and single-axis solar
tracker on a lunar base power system’s mass, we performed the calculations for these
two array structure types at two lunar locations, with different solar illumination condi-
tions. Table 19 presents a total of four sets of parameters used to calculate total power
system mass for PV and hybrid solutions, as the nuclear reactor-only architectures remain
unaffected by varying solar array parameters.

Table 19. Parameters for the study on the applied solar array structure type.

Parameter Symbol Value
EF ET PF PT

Selenographic latitude φsel (◦) 0 0 89 89
Solar radiation factor fSR (%) 100% 100% 175% 175%

Power adjustment coefficient CPA (-) 0 0 0 0
Power increase coefficient CPI (-) 0 0 0

Sun tracking coefficient CST (%) 61.91% 99.99% 61.91% 99.99%
Solar array structure specific mass ρPVS (kg/m2) 0.55 2.5 0.85 2.5

Solar array surface area — single single double single
Where: EF—equatorial location with fixed array mount, ET—equatorial location with solar tracker, PF—polar
location with fixed array mount, PT—polar location with solar tracker.

The results of total mass calculations for the six system architectures are presented
in Figure 6.
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It may be easily observed that, in case of the studied lunar equatorial conditions,
using a solar tracking array resulted in a net increase in total mass for all power system
architectures. In order to provide more detailed explanation, the power system mass
breakdown for a selected architecture is presented in Table 20.

Table 20. PV+Li-S power system solar array mass breakdown.

Power System Component Mass (kg)
EF ET PF PT

PV array 140.6 87 161.9 50.1
array structure 48.6 136.9 43.3 78.8

wiring 1.8 1.6 0.8 0.7
breaker box 8.4 4.9 3.4 2
total MPV 199.4 230.4 209.4 131.6

Although the data presented in Table 20 refer to a specified system, the pattern
visible is common for all power systems studied in this part of our analysis. Mass of
the photovoltaic array system MPV produces the only mass differences for a specified
power system architecture—masses of energy storages, thermal control and nuclear reactor
assemblies remain unchanged for all four studied cases.

The solar illumination conditions at the equatorial site were found to be insufficient to
reduce the solar array mass to the extent that they compensate for the higher areal density
of a solar tracker with respect to the fixed mount. The differences in the balance of system
mass are relatively small and do not have a significant impact on the total system mass.
At the polar “peak of eternal light”, however, two factors influence the net result, which is
more advantageous for the solar tracking array. The first is much greater illumination,
which enables significant reduction in the solar array surface. Note the fact that at the
polar location we assumed the use of a double-sided mount and twice the solar panel
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area, compared with the non-polar locations, so the almost 162 kg polar array is actually
281 kg, to be compared with a single equatorial array weighing 140.6 kg. The second factor
is the reduction in the relative difference in the areal density of array structures. At the
equatorial site it was 0.55 kg/m2 vs 2.5 kg/m2, while at the lunar pole it was 0.85 kg/m2

vs 2.5 kg/m2,which makes the polar array structure mass difference easier to compensate.
It is to be observed, however, that the sites with that offer extraordinarily advantageous
illumination conditions constitute a minute fraction of the Moon’s surface and, in general,
according to our assumptions, using fixed mount solar arrays will be more effective than
using solar trackers as long as the system mass is the main concern.

3.7. Specified Case Studies

Based on insight gathered in previous sections of this parametric study, three case
studies were performed for a lunar base operating in three different lunar environmental
conditions:

• Lunar Equatorial Scientific Base (LESB);
• Lunar Polar Scientific Base (LPSB) at a peak of eternal light;
• Lunar Crater In-Situ Resources Utilization Facility (LCIF) located in an interior of a

crater of eternal darkness.

For these three cases, the most advantageous man-controlled parameters were applied
along with environmental factors typical for each site. For these three cases, base power
systems were sized and discussed. Key assumptions for the case studies are presented
in Table 21.

Table 21. Assumptions for lunar base case studies.

Parameter Symbol, Unit LESB LPSB LCIF

Selenographic latitude φsel (◦) 0 89 89
Solar radiation factor fSR (%) 98% 175% 0%

Power adjustment coefficient CPA (-) 1 1 0
Power increase coefficient CPI (-) 1.5 1.5 4

Sun tracking coefficient CST (%) 61.91% 99.99% —
Solar array structure — fixed mount single axis solar tracker —

Solar array structure specific mass ρPVS (kg/m2) 0.55 2.5 —
Lunar day max. surface temperature TLD (K) 395 179 40

Lunar night min. surface temperature TLN (K) 95 60 40

The results of these case study calculations are presented in Figure 7.
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3.7.1. Lunar Equatorial Scientific Base

The power system total mass results for the Lunar Equatorial Scientific Base are in
good agreement with our earlier conclusions, that for the great majority of the Moon’s
surface the most optimal, mass-saving lunar base power system must utilize a nuclear
power source. In this particular case, an additional mass-optimizing strategy was to
schedule all possible power-demanding activities for the lunar day. Applying this power
management strategy enabled efficient harnessing of solar radiation to meet relatively high
lunar daytime power demand. At the same time, the strategy reduced the lunar night-time
nuclear reactor power load, enabling savings in the whole system mass. Owing to the fact
the LESB hybrid power system does not require a massive, high-capacity ESS, the Li-S
batteries turned out to be the best choice for a relatively low-capacity EBS. To sum up,
for the studied LESB, a hybrid PV+NFR+Li-S power system is the best solution for mass-
saving policy. Weighing 2699 kg, the system is evidently lighter than the remaining two
hybrid solutions and considerably lighter than any solution from PV or NFR architectures.

3.7.2. Lunar Polar Scientific Base

Extraordinarily beneficial solar illumination at the peak of eternal light where LPSB is
located cause the PV+Li-S power system to outmatch any other solution. Although this type
of lunar base power system is, by definition, equipped with high-capacity ESS, and these
promote RFCs rather than any batteries but the relatively short local lunar night requires
much less energy storage capacity than it was in case of the LESB. As was observed
in the previous paragraphs, Li-S batteries generate a slight mass saving over the RFCs
when low-capacity energy storages are considered. If, however, the LPSB illumination
conditions were unstable [64,66], a slightly heavier PV+NFR+Li-S system would guarantee
the minimum night-time stable power supply.

3.7.3. Lunar Crater In-situ Resources Utilization Facility

Since no sunlight ever reaches the bottom of the eternally shaded crater where the
LCIF is located, the only feasible architecture to power the facility was based exclusively
on nuclear energy. Again, the low-capacity energy buffer promoted the application of Li-S
batteries; however, the low-temperature, zero-insolation crater environment required a
smaller RFC radiator as was the case at the low-latitudinal regions of the Moon.

4. Conclusions

The extreme costs of launching cargo payloads from Earth to the lunar surface demand
a future lunar base’s subsystems to be rigorously optimized in terms of mass reduction.
The most challenging issue for a lunar base power system design is the relatively long
duration of a lunar night. During that period, high-specific power solar arrays are useless
so the only contemporarily feasible option for night-time power supply for any lunar
surface facility is to use either a nuclear fission reactor or a massive energy storage system
(ESS). To meet the minimum power demand of the studied lunar base during a more
than two-week-long lunar night, almost 16 metric tons of state-of-practice, space-rated
lithium-ion batteries would be required.

The hypothetical application of not yet fully developed solutions like Lithium–Sulfur
(Li-S) batteries or regenerative fuel cells (RFC) would reduce the ESS mass by a factor of
three to four.

RFC-based high-capacity ESS may present up to an about 25% mass advantage over
Li-S-based solution, but this advantage decreases with required ESS capacity.

If the lunar base power system utilizes batteries, selenographic latitude has little
effect on its total mass. This factor is significant only when RFCs are used for energy
storage. While nuclear-only power systems remain unaffected by the site solar illumination
conditions, a strong correlation exists between availability of solar radiation and the total
mass of PV-only power systems.
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According to our assumptions, a lunar polar site illuminated more than 75% of a lunar
cycle (fSR ≥ 150%) enables a PV-only architecture to gain a mass advantage over nuclear
power systems.

Above a specified minimum base power demand, the total power system mass scales
almost linearly with its maximum power load. An efficient solution to minimize PV and
hybrid power system mass would be to reduce lunar night-time power loads to theri
minimum possible level and schedule all non-vital, powered base operations for lunar
days. Contrarily, nuclear-only power systems exhibit the lowest total masses at a balanced,
uniform base power demand.

In general, when the total system mass is considered, using optimally tilted, fixed mount
solar arrays is more beneficial on the Moon’s surface than utilizing single axis solar trackers.
Only sufficiently illuminated lunar polar sites may promote the latter solution.

For the wide range of studied parameters, hybrid power systems that use solar arrays
during lunar days and utilize a nuclear reactor during lunar nights were found to be the
most reliable and the most advantageous solutions in terms of mass reduction.

Rare polar sites may exist with extraordinarily advantageous solar illumination condi-
tions (peaks of eternal light) where using a mass-optimizing strategy photovoltaic system
with a relatively low-capacity ESS outperforms a hybrid power system. In these conditions,
achieving relatively minor mass saving demands that the longest periods of continuous
darkness are limited just to several earth days.

Development of a reliable, high specific energy and high efficiency energy storage
solution would enable increased feasibility of establishing the first lunar base, save on its
launch mass and reduce the cost of the program.
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Nomenclature

U.S. United States
ISRU in situ resources utilization
ESS energy storage system
PV photovoltaic
SPE solar proton event
GCR galactic cosmic rays
LC lunar cycle (synodic month)
Li-ion Lithium-ion
TCS temperature control system
RFC Regenerative Fuel Cells
Li-S Lithium-Sulphur
PMR specific power (power-to-mass ratio, PMR)
NFR nuclear fission reactor
eS specific energy (gravimetric energy density)
LAD lunar astronomical day
LAN lunar astronomical night
PEL peak of eternal light



Energies 2021, 14, 1141 28 of 31

PSR permanently shadowed region
MLI multi-layer insulation
ISS International Space Station
LD lunar day
LN lunar night
SA Solar array
EBS energy buffering system
NASA National Aeronautics and Space Administration
KRUSTY Kilopower Reactor Using Stirling Technology
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