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Abstract

In recent years, several space organizations have been actively working on developing
plans to establish human settlements on the Moon.

The human base on the Moon needs a reliable and resilient electrical power system
to operate life support systems (LSSs) for the crew members, scientific equipment for
lunar exploration, and communication systems within the base and ground station.

Several technologies in the fields of power generation, distribution, and energy stor-
age systems (ESS), together with in-situ resource utilization (ISRU) are investigated in
this PhD project, together with novel control and power management architectures to
conceive the future lunar power system called space microgrids (MG). Optimal sizing,
operational planning, and siting a cost-effective location among several highly illumi-
nated sites near the Shackleton crater are also investigated and discussed. The possi-
bility of forming a lunar multi-microgrid (MMG) system is also investigated to share
and utilize the resources of several MGs and improve the reliability and resiliency of the
system.

In this project, a hybrid PV-ESS MG is considered as a case study for the lunar base.
Installing PV arrays on top of towers enhances the illumination condition and increases
the power generation of the PV system. A novel methodology is presented to determine
the PV power generation profile considering the Sun illumination time-series profile at
PV arrays. Furthermore, the power demand profile of the candidate site is determined,
taking into account the power consumption of several power-consuming units in the base
and the Sun illumination time-series profile. An optimization framework is proposed to
determine the optimal area of the PV array and capacity of the battery at a location
to minimize the mass of the PV array and the battery and the total cost per day of
the battery. The optimization problem is solved for an optimization horizon of 1 year
without considering the decline in the battery capacity and for 5 years considering the
decline in the battery capacity. The total PV-battery MG system mass at the sites is
also analyzed when the power-consuming units are segregated into three MGs, namely,
habitat, laboratory, and ISRU MGs, to increase the reliability and resource sharing in
the system. Furthermore, a new mass-per-unit-load (MPUL) criterion is proposed to
determine the site that can satisfy the highest total power demand with the least overall
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PV-battery system mass.
The project further analyzes the interaction of several subsystems for oxygen and

water management in the base, considering the daily activities of the crew members.
The interaction among several subsystems in the base affects the operation rate and
mode of several power-consuming units. Furthermore, an optimization framework is
proposed to determine the optimal power demand profile of ISRU, ensuring that the
oxygen and water tanks of the ISRU and habitat remain at the appropriate levels taking
into consideration the oxygen and water consumption profiles of the habitat, the interac-
tion of ISRU, habitat, and wastewater subsystems and the Sun illumination time-series
profile at the candidate location for an optimization horizon of 1 month. The power
demand profile of the habitat is also determined based on the daily activities of the crew
members. The overall power demand profile of the ISRU and the habitat are considered
for the optimal operation management of two MGs, namely, ISRU and habitat, with
each MG possessing its own PV array and battery system. The optimal operation man-
agement of the PV-battery-based MG is proposed, which determines the optimal PV
power generation and battery charging/discharging profiles, maintaining an appropriate
level of the battery stored energy and minimizing the PV array and battery mass, and
the total surplus PV power generation. Furthermore, 15 candidate sites featuring high
illumination are compared in terms of the required PV array area and battery capacity
and their mass, average illumination, and longest continuous darkness period. Finally,
the conclusions of this Ph.D. project are presented along with the potential directions
for future research works.



Resumé

I de senere år har flere rumorganisationer arbejdet aktivt på at udvikle planer for at
etablere menneskelige bosættelser på Månen.

Den menneskelige base på Månen har brug for et pålideligt og modstandsdygtigt elek-
trisk kraftsystem til at betjene livsunderstøttende systemer (LSSs) for besætningsmedlem-
merne, videnskabeligt udstyr til måneudforskning og kommunikationssystemer i base-
og jordstationen.

Adskillige teknologier inden for energiproduktion, distribution og energilagringssys-
temer (ESS) sammen med in-situ ressourceudnyttelse (ISRU) undersøges i dette ph.d.-
projekt sammen med nye kontrol- og strømstyringsarkitekturer for at udtænke fremti-
dens månekraft system kaldet space microgrids (MG). Optimal dimensionering, opera-
tionel planlægning og placering af en omkostningseffektiv placering blandt flere stærkt
oplyste steder nær Shackleton-krateret er også undersøgt og diskuteret. Muligheden
for at danne et Lunar Multi-microgrid (MMG) system er også undersøgt for at dele og
udnytte ressourcerne fra flere MG’er og forbedre systemets pålidelighed og modstands-
dygtighed.

I dette projekt betragtes en hybrid PV-ESS MG som et casestudie for månebasen.
Installation af PV-arrays oven på tårne forbedrer belysningstilstanden og øger PV-
systemets strømproduktion. En ny metode præsenteres for at bestemme PV-strømgene-
reringsprofilen under hensyntagen til solbelysningens tidsserieprofil ved PV-arrays. Yder-
mere bestemmes strømbehovsprofilen for kandidatstedet under hensyntagen til strøm-
forbruget for flere strømforbrugende enheder i basen og solbelysningens tidsserieprofil.
Der foreslås en optimeringsramme for at bestemme det optimale område af PV-panelet
og batteriets kapacitet på et sted for at minimere massen af PV-panelet og batteriet og
den samlede pris pr. dag for batteriet. Optimeringsproblemet løses for en optimering-
shorisont på 1 år uden hensyntagen til faldet i batterikapaciteten og i 5 år under hen-
syntagen til faldet i batterikapaciteten. Den samlede PV-batteri MG-systemmasse på
stederne analyseres også, når de strømforbrugende enheder adskilles i tre MG’er, nemlig
habitat, laboratorium og ISRU MG’er, for at øge pålideligheden og ressourcedelingen i
systemet. Endvidere foreslås et nyt masse-per-enhed-belastning (MPUL)-kriterium for
at bestemme det sted, der kan tilfredsstille det højeste samlede effektbehov med den
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mindste samlede PV-batterisystemmasse.
Projektet analyserer yderligere samspillet mellem adskillige delsystemer til ilt- og

vandhåndtering i basen under hensyntagen til besætningsmedlemmernes daglige ak-
tiviteter. Interaktionen mellem flere undersystemer i basen påvirker driftshastigheden og
tilstanden for flere strømforbrugende enheder. Endvidere foreslås en optimeringsramme
for at bestemme den optimale strømbehovsprofil for ISRU, der sikrer, at ilt- og vand-
tankene i ISRU’en og habitatet forbliver på de passende niveauer under hensyntagen
til habitatets ilt- og vandforbrugsprofiler, samspillet mellem ISRU, habitat- og spilde-
vandsundersystemer og solbelysningens tidsserieprofil på kandidatstedet for en opti-
meringshorisont på 1 måned. Levestedets strømbehovsprofil bestemmes også ud fra
besætningsmedlemmernes daglige aktiviteter. Den overordnede effektbehovsprofil for
ISRU’en og habitatet tages i betragtning for den optimale driftsstyring af to MG’er,
nemlig ISRU og habitat, hvor hver MG besidder sit eget PV-array og batterisystem.
Den optimale driftsstyring af den PV-batteribaserede MG foreslås, som bestemmer den
optimale PV-strømgenerering og batteriopladnings-/afladningsprofiler, opretholdelse af
et passende niveau af den lagrede batterienergi og minimering af PV-panelet og bat-
terimassen og den samlede overskydende PV-strømproduktion. Desuden sammenlignes
15 kandidatsteder med høj belysning med hensyn til det nødvendige PV-array-areal
og batterikapacitet og deres masse, gennemsnitlige belysning og længste kontinuerlige
mørkeperiode. Endelig vil konklusionerne af denne ph.d. Projektet præsenteres sammen
med de potentielle retninger for fremtidige forskningsarbejder.
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water in the respective ISRU tanks [W ]

pV
(err/ref/min/max)

O2
Amount of oxygen pV (error/reference/minimum/maximum) in

the habitat [Pa.m3]

R Gas constant [m3PaK−1mol−1]

T Temperature [K]

TH Optimization horizon [h]

T
(err/ref/min/max)
F W Amount of freshwater (error/ reference/minimum/maximum) in the

freshwater tank [kg]

T
(err/ref/min/max)
habH2O

Amount of water (error/reference/minimum/maximum) in the habi-
tat water tank [kg]
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T
(err/ref/min/max)
habO2

Amount of oxygen (error/reference/minimum/maximum) in the habi-
tat oxygen tank [g]

T
(ref/min/max)
ISRUH2O

Amount of water (reference/minimum/maximum) in the ISRU water
tank [kg]

T
(ref/min/max)
ISRUO2

Amount of oxygen (reference/minimum/maximum) in the ISRU oxygen
tank [kg]

T
(err/ref/min/max)
UF Amount of urine wastewater (error/reference/minimum/maximum)

in the urine wastewater tank [kg]

T ph
W RS Ability of the water recovery system to treat wastewater [kg/h]

T
(err/ref/min/max)
W W Amount of wastewater (reference/minimum/maximum) in the wastew-

ater tank [kg]

TOTH2Oout Total amount of water that is transferred to the habitat water tank from
ISRU water tank and freshwater tank [kg]

V Volume [m3]

Vir Amount of ilmenite added to the reactor volume per hour [1/h]

Wmax
F Wout

Maximum capacity at which water can be transferred from the freshwater tank
to the habitat water tank [kg/h]

Wmax
ISRUH2Oout

Maximum capacity at which water can be transferred from ISRU water
tank to the habitat water tank [kg/h]

WWtotal Total amount of wastewater collected [kg]
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Chapter 1: Introduction

1.1 Motivation
Multiple space organizations such as National Aeronautics and Space Administration
(NASA), European Space Agency (ESA), Japan Aerospace Exploration Agency (JAXA),
China National Space Administration (CNSA), and SpaceX are intending to create a
human base on the Moon from 2025 [1–6]. Other organizations, such as BlueOrigin,
have also interest in setting up solar-powered industries on the Moon [7]. Establishing
a human base on the Moon requires a habitat for the crew members, laboratories to
perform several scientific experiments and lunar exploration, facilities to utilize local re-
sources such as lunar regolith for producing life-supporting elements such as water and
oxygen, and electric vehicles and rovers to transport equipment and visit lunar sites of
interest.

Several factors, such as the surrounding terrain, topography and temperature, po-
tential points of interest, availability of water, and electrical energy, affect the choice of
the base location. Several space missions using orbiters have already taken place and are
even continuing their operation to gather more information about these factors. Such
a critical space mission to expand human civilization and make humans interplanetary
species is to be carried out in several phases [8] as listed in Table 1.1. Presently several
robotic missions are being deployed or accomplished, denoting the implementation of
“Phase 0”. In 2025, the Artemis-III mission [2] by NASA will deploy humans on the

Table 1.1: Phases of human deployment on the Moon

Phase Operation Human presence Stay period
0 Robotic site preparation Minimum or not present No stay
1 Human deployment initiation 3 to 4 personnel 4 to 6 months
2 Expansion 10 personnel (approx.) 1 year
3 Self-sufficiency 10 to 100 personnel Extended periods
4 Science and commercialization More than 100 personnel Unlimited duration

13
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lunar surface to have a stay of one week on the Moon, and thereafter, gradually increas-
ing the mission duration in “Phase 1”. In subsequent years, several other space agencies
have similar plans to deploy humans on the lunar surface, increasing the human pres-
ence on the Moon with more crew members and longer mission duration in “Phase 2”.
Once the lunar base is capable of operating without any external support, an extended
period of stay is planned in “Phase 3”. In “Phase 4”, a completely self-governing, safe,
and reliable operating system is desired to enable continuous human habitation on the
Moon [8].

The base must consist of an efficient electrical power system (EPS) to maintain the
habitable atmosphere for the crew members, establish reliable communication with the
ground station at Earth, produce water and oxygen for crew members, run scientific
equipment to perform experiments and charge electric vehicles and autonomous rovers,
among others. The lunar electrical power system (LEPS) is an aggregation of several
components for power generation, transmission, distribution, and energy storage to
supply a number of interdependent power-consuming units. Therefore a LEPS can be
defined as space microgrids (MGs) on the Moon. Thus, developing an efficient power
control and energy management system (EMS) for coordinating the operation of the
space MGs is critical. The control and EMS of space MG on the Moon should support
not only the vital life support system (LSS) of the crew members but also ensure optimal,
safe, reliable operation and timely execution of the space mission, ensuring the reliability
required in the hostile space environment.

1.2 Background
There are several factors that are necessary to consider for building a lunar base, such
as solar irradiance profile, topography, temperature, power system technologies, and
operation and management [9]. The solar irradiance, length of dark periods and its
frequency, and eclipses affect not only the possibility of harnessing solar energy but also
the thermal conditions of the base regarding technical operation and crew survivability
in adverse environmental circumstances. The surrounding topography of the base or
region of interest affects the solar energy reception, extra-vehicular activity (EVA),
charging/discharging of electric vehicle (EV) and rovers, and communication, among
others. The temperature range of the location affects the designing operating range
of several technical components of the base and their energy consumption. The power
demand of the base depends on the number of crew members, supporting their LSS,
duration, distance and frequency of EVA, nature of experiments and interests and so
on. The required power can be supplied from several power generation technologies
such as solar, nuclear and electrostatic charge, and energy storage systems (ESSs) are
to be utilized during power fluctuation or unavailability [9–11]. Moreover, the power is
to be transmitted from the point of generation to consumption, and several technologies
such as cables, lasers, and radio frequency (RF) can be utilized. Thereafter, suitable
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Table 1.2: Some highly illuminated sites near the lunar polar regions [12–14]

North Pole South Pole
Mean Mean

Longitude Latitude illumination Longitude Latitude illumination
(%) (%)

326.44 89.65 72.60 222.84 −89.45 76.00
110.38 89.85 78.10 203.97 −89.78 81.00
126.80 89.37 84.60 245.94 −89.31 75.60
130.56 89.35 84.01 204.27 −89.78 86.71
127.94 89.36 83.87 123.64 −88.81 85.50
128.94 89.36 82.02 197.05 −89.69 85.24
242.24 88.06 86.08 198.43 −89.69 84.44
232.04 87.31 81.55 205.14 −89.79 82.37

7.22 87.20 82.16 123.95 −88.80 82.37
8.11 87.00 79.53 37.07 −85.30 85.95
7.78 87.05 77.87 37.57 −85.55 82.34
8.07 86.99 76.51 243.22 −85.73 79.54
7.02 87.12 76.94 356.80 −85.96 80.61

operation and EMS techniques are to required to ensure the safety and reliability of
the base considering the timely execution of the space mission. Each of these factors is
discussed in detail in the following sub-sections.

1.2.1 Illumination conditions
Various space missions for exploring the Moon, like Lunar Reconnaissance Orbiter
(LRO), Clementine and Kaguya by organizations like NASA and JAXA provided knowl-
edge about the state and quality of illumination on the Moon. Highly illuminated lo-
cations near the rim of “Shackleton crater” [15] at the south pole and “Peary crater”
at the north pole [10] were identified by Kaguya and Clementine mission, respectively.
The average irradiance from the Sun in a year near the Shackleton crater is 86% and
the duration of the most extended eclipse is 11.5 Earth days [15]. Several sites in
close proximity to Shackleton crater also witness uninterrupted illumination for approx-
imately half a year, whereas experiencing repeated cycles of daytime-nighttime for the
rest of the year with a continued eclipse period of 71 − 120 h [9, 16, 17]. The authors
of [12–14] have identified locations with significant illumination in the close proximity
of lunar north and south poles as listed in Table 1.2. Conversely, the non-polar re-
gions have alternate continuous daytime and nighttime for a stretch of approximately
15 days. During a continuous nighttime of approximately 15 days, the ESS are utilized
to supply the power demand, increasing the size of the ESS. Therefore, polar regions
are favourable for establishing a human base.
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(A) (B)

Fig. 1.1: Lunar polar topography stereographic projection from latitude ∓87.5◦ to ∓90◦. (A) South
polar region. (B) North polar region. Some highly average illumination locations provided in Table 1.2
are denoted in red dots. [12–14, 20].

1.2.2 Topography and temperature
Although polar regions have a high average illumination, they do not receive continuous
solar illumination due to the topography of the polar regions. The digital elevation
models (DEMs) obtained from the NASA Lunar Orbiter Laser Altimeter (LOLA) or-
biter shows that there are landscapes with high altitudes around the polar regions. The
high terrains hinder the Sun illumination due to the low Sun elevation angle at the polar
regions resulting in the formation of long shadows in the range of kilometers [9, 16, 18].
The lengthy shadows sometimes cover a portion or entirety of the site [9]. Therefore,
estimating the movement of the Sun near the polar regions and the critical relief ele-
vations1 is required to determine the illumination of the Sun at a certain site [9]. The
methodology to estimate the illumination profile of the Sun considering the terrain near
the lunar polar regions is explained by the authors in [19]. Some of the highly illuminated
locations and the topography near the polar regions are shown in Fig. 1.1. A highly
illuminated location encourages utilizing the energy from the Sun using photovoltaic
(PV) arrays, reducing the dependence on ESS.

Besides, it is observed that solar illumination can also be increased by mounting the
PV arrays on high towers as shown in Fig. 1.2 [9]. In the literature, it was reported that
mounting PV arrays on 100 m high towers at certain locations in the close proximity
of the north polar region could reduce the required capacity of the ESS by up to 4%.
At this location, mounting PV arrays on a tower with a height of 1500 m could entirely
remove the requirement of ESSs. It was reported that there is a possibility to shorten
the intervals in which the ESS should be operational by 0.2 h/m through an increase in
the height of the tower to 300 m [16]. However, designing, transporting and deploying
such high towers might be unrealistic and impractical. A list of several sites with high
amount of illumination in the close proximity of Shackleton crater and their average

1The angle of an elevation, in a specific longitude, that is the highest relative to an observer at the
base site.
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Table 1.3: High average illumination sites in the
close proximity of Shackleton crater with towers
of height 10 m [21]

Mean
Site # Latitude Longitude illumination

(%)
1 −89.4511 222.6627 91.84
2 −89.4333 222.6415 85.09
3 −89.4390 222.8084 91.68
4 −89.7797 203.6490 86.90
5 −89.7731 203.2861 84.34
6 −85.2963 37.1013 78.84
7 −88.8084 123.7604 84.94
8 −89.6866 197.1382 86.18
9 −89.4407 222.4191 91.76

10 −85.2897 37.0207 82.44
11 −88.6704 291.7803 86.12
12 −89.6884 197.7447 80.18
13 −89.7624 202.8645 82.39
14 −89.4734 222.5634 87.87
15 −89.4502 222.7638 92.23

Fig. 1.2: PV arrays on top of towers near the
rim of craters [9]

illumination [21] is given in Table 1.3. To calculate illumination at each site, towers of
height 10 m are assumed and the polar region’s topography is taken into account.

Together with high illumination in the polar regions, the safety of the site from
meteorite activities is also to be ensured. Based on the scarce data collected from
several spacecraft and radars, the chances of meteoroid impact are higher in the low
latitudes (0◦ − 30◦) than high latitude (60◦ − 90◦) by 10% [22–24]. Complete protection
from meteoroids can never be ensured. However, the resiliency can be improved by
shielding and burying installations or considering redundant structures and distributing
them across different locations [22, 25]. Therefore, sites in the polar regions have both
high illumination and low meteorite flux.

The surface temperature near the equatorial region varies approximately from 112◦C
to −173◦C through the daytime to nighttime [10]. At the polar regions, the maximum
surface temperature is approximately −120◦C due to low Sun elevation angles. The
LRO orbiter by NASA has collected the surface temperature data discussed by the
authors of [10]. The maximum surface temperature near the south pole Shackleton
crater region is close to approximately −193.15◦C to −163.15◦C [9, 26, 27]. The range
of surface temperature affects the operating temperature of several devices, such as PV
panels, and batteries, among others. Therefore, active and passive thermal management
systems are required to maintain the operating temperature range of these devices [9].
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1.2.3 Electrical power system
The MG for the base consists of power generation, storage, distribution, consumption,
and its control and EMS. Power can be generated from different technologies like so-
lar systems, nuclear and electrostatic, out of which solar is the most promising and
abundantly available renewable energy because of the lack of atmosphere around the
surface of the Moon [9–11]. Balance of power and supply of the required power dur-
ing the nighttime is supported by several ESSs, such as regenerative fuel cells (RFCs),
batteries, flywheel, and so on, can be used for several different purposes, out of which
RFCs and batteries have shown to meet the requirements of the base [9]. The power
can be transmitted from the point of generation to consumption using cables, RFs and
lasers, out of which cables have a better specific mass. Power is required by several
units in the base, such as the environment control and life support system (ECLSS) in
the habitat, utilizing lunar resources, charging EVs and autonomous rovers, performing
experiments, communicating with the ground stations and within the base, and electro-
static shielding [10]. The power consumption by each of these units is discussed further
in the following subsections. Autonomous control and EMS inspired from the terrestrial
approaches are desired for the base’s MG due to significant communication delay in
sending communication signals from the ground stations. Each of these aspects of the
base’s MG is discussed in detail in the following subsections.

1.2.3.1 Power generation technologies

Power for the base can be generated from the solar energy reaching the lunar surface [10],
reactors based on nuclear fission [10, 28], and harnessing the static electricity from the
regolith [11]. Several highly illuminated sites, as listed in Table 1.2, can utilize solar
energy using PV arrays. Nuclear-based power sources have been used for several deep
space missions where either solar power might not be enough to harness or be unreliable.
Power can also be collected from the electrostatically charged lunar dust particles. The
advantages and disadvantages of these power generation technologies are discussed in [9].
These power sources are discussed in further detail in the following subsections.

1.2.3.1.1 Nuclear fission-based reactor

Power from nuclear isotope-based sources is used in several deep space missions, such
as Cassini Probe and Mars Curiosity Rover [10]. However, designing a reactor based on
nuclear isotope-based technology to generate more than 1 kW of power is infeasible as
it needs a considerable quantity of nuclear isotopes. Therefore, a nuclear fission-based
reactor with Stirling technology called “Kilopower Reactor Using Stirling TechnologY
(KRUSTY)” was developed [10, 28]. In this reactor, the core formed of uranium gen-
erates thermal energy, which is transferred to the Stirling engines using sodium heat
pipes [29]. Effective validation of a 1 kW reactor stimulated the development of a 10 kW
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module of the reactor, which can be combined to meet the requirement of more power
on demand [29]. More details about KRUSTY reactors can be found in [29].

KRUSTY reactors come with the advantages of small size and low mass, are modular
and can be combined for increased power demand and are unaffected by the condition
of illumination at the location, making them preferable for deep space missions [9].
However, these reactors must be either installed at a safe distance from the base or
appropriately shielded as long-term exposure to the radiations from these reactors may
cause an adverse effect on the health condition of crew members [10, 30]. A 10 kW
reactor module must be placed at a distance of 1.15 km from the base to keep the crew
members’ yearly radiation exposure below the acceptable level of 5 rem/year [10]. The
threshold of safe distance is directly proportional to installing additional modules of
the reactor [10], creating hindrance in the expansion of the power sources and the base.
Moreover, additional equipment is needed to transmit power from the reactors to the
base. On the other hand, the reactors can also be shielded to reduce the separation
distance and several shielding techniques are discussed in [9, 10], which also require
additional equipment to shift lunar regolith. In addition, disposing of nuclear waste is
yet to be investigated and can also prove to be challenging in a critical environment like
space.

1.2.3.1.2 Lunar regolith electrostatic charge

The lunar regolith is continuously being hit by electrons and protons from the solar
wind because of the lack of atmosphere, leaving the surface dust particles negatively
charged [11]. The charge stored in the dust particles can be harnessed through capacitive
coupling using a motorized thin-film array of capacitors. Observation made by NASA in
a simulation study indicated that the regolith might be negatively charged with 700 V
and 147 W per array of power might be collected by 40 capacitive array units [11].
However, this technology is still in the laboratory and several experiments are ongoing
in this area [11]. A more detailed study about the technology can be found in [9, 11].

1.2.3.1.3 Solar photovoltaic

The generation of power from solar energy is a well-tested technology in space. On
the base, PV panels can be installed on top of relocatable towers [31] to enhance the
reception of solar energy at polar regions as explained in Section 1.2.2. Moreover, they
do not pose any threat to the crew members’ health and can be installed near the base
without the need for any heavy equipment for installation, like nuclear reactors. The
solar and nuclear power technology for lunar bases is compared in [9].

The solar energy near the polar regions is affected by the topography around the
base location and not by the atmospheric conditions because of the lack of atmosphere
around the surface of the Moon, as discussed in Section 1.2.2. Most of the space missions
utilize the abundantly available energy from the Sun using multi-junction (MJ) PV
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cells employing III-V semiconductor materials as they are highly efficient with a high
ability to withstand cosmic radiations and an inexpensive well-establish production
process [32]. The frequently used triple-junction (TJ) GaInP/GaAs/Ge architecture
and upright metamorphic (UMM) PV cells have attained an efficiency of roughly 30%
and 40%, respectively [9, 32, 33]. A detailed study on the efficiencies of PV cells for
space applications and a comparison of PV technologies used in Earth and space can be
found in [9, 10] and [9], respectively.

Although the lack of an atmosphere allows solar energy to reach the surface unhin-
dered, it also allows small meteoroids and debris from space, ultraviolet and cosmic ra-
diation, and nuclei/ion particles, deteriorating the PV cells. Among the several factors,
deterioration in PV cells for space applications is primarily due to cosmic and nuclei/ion
particle radiation. In addition, PV cells considerably degrade under the extreme oper-
ating temperature conditions and temperature cycles existing on the Moon [9, 34]. The
span of temperature within which the PV arrays operate has the possibility to come
close to the highest temperature of the surface varying from −193.15◦C to −163.15◦C
in the close proximity of Shackleton crater [9, 26, 27]. A detailed discussion on the
effect of the PV cells’ lifetime for space applications due to operating temperature and
radiation can be found in [9].

1.2.3.2 Power consuming units

The most evident power-consuming unit is the habitat of the crew members, which
consists of ECLSS including an artificial atmosphere, thermal management, water and
waste management, and biomass production and composting, among others [9, 35]. In
addition, power is needed for refrigeration, food consumption and for running several
electrical appliances, such as lights, cameras, computers, and scientific equipment for
experiments [9]. Typically, 5 − 10 kW of power is required for each crew member and
approximately 28.05 kW of power is required for a habitat accommodating a team of
six crew members [10]. Moreover, charging stations are required for pressurized and
non-pressurized rovers, EVs to perform EVA, support and maintenance tasks around
the base, or transportation and remote-controlled or autonomous rovers for further
exploration and collecting samples for experiments [9, 10, 36]. The charging frequency
of EVs and rovers are influenced by their exploration path and range, loss in energy
of the ESSs with time, rate of operation, ESS properties, and so on [9]. Furthermore,
several units of the base must be in communication among themselves, and the ground
station must also be capable of communicating with the base. The amount of power
needed for operating the communication systems is decided by the range, bandwidth,
rate, and frequency of the communicating signal [10].

To carry out lunar surface missions for a longer period of time, it might not always
be feasible to depend on re-supply missions from Earth. Rather, it is desired to produce
oxygen and water for consumption by crew members and propellants for further space
travel in an infrastructure called in-situ resource utilisations (ISRUs) using resources
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Table 1.4: Typical power demand ranges of different loads and elements influencing their power
consumption [10, 36]

Unit Active power (kW) Survival power (kW) Influencing elements
Habitat 30 − 100 0.5 − 2 Number of crew members (5 − 10 kW each)
Laboratory 4 − 10 0.5 − 2 Experiment type, objectives, and nature

Electric vehicle 1 − 3 (Unpressurized)
3 − 30 (Pressurized)

0.2 − 0.5 (Unpressurized)
0.5 − 3 (Pressurized) Vehicle pressure and capacity

Autonomous/manual rover 0.1 − 7 less than 0.2 − 1 Rover size and nature of experiments
Charging station 1 − 10 0.5 − 2 Rover and EV requirements

ISRU 10 − 100 (Thermal)
10 − 100 (Electrical) 1 − 5 Oxygen, water and propellant production

rate
Communication systems 0.3 − 1 per transmitter Not applicable Range, rate, bandwidth, frequency

Thermal systems 1 − 2 Not applicable
Maintaining equipment’s safe operating
temperatures and ensure trustworthy oper-
ation

Sensors and additional auxiliary
equipment 2 − 10 Not applicable Type, data acquisition and transmission

rate and range

that are accessible in the local vicinity. ISRU is a high power-consuming unit, requiring
electrical power to run the motors for the operations such as scooping the regolith,
filtering and separating particles of required size, transporting them to a reactor using a
conveyor belt, and performing electrolysis of the produced water. In addition, thermal
power is needed in the reactor to perform the catalyzed hydrogen reduction reaction [10].
Electrical energy can also be utilized to power heaters to provide the required thermal
power, resulting in higher electricity usage [9]. Alternatively, radiation from the Sun can
also be concentrated using solar concentrators and guided using optical waveguides to
meet the thermal power demands, and more details about them can be found in [37–39].
The rate at which the ISRU is operating and the method adopted for producing the
required oxygen and water for the crew members may consume power from tens to
hundreds of kilowatts [10]. The authors of [10] estimated that overall 25.8 kW of
power must be supplied to the ISRU to maintain a rate of production at approximately
1.63 kg/h. The typical amount of power required by various other power-consuming
units and the elements influencing their power demands are listed in Table 1.4 [10, 36].
Each power-consuming unit uses active power during the period when solar power is
available, while they are either turned off or operate in a mode consuming less power
during the period when the power from the PV arrays is not obtainable, called survival
power. The essential survival power is provided by the ESS, and high power demand
during this period when solar power is unavailable increases the size and mass of the
ESS, affecting the expenses for the space mission as the expenditures related to space
missions are directly proportional to size and mass of the payload. The different ESS
technologies are discussed in the following section.

1.2.3.3 Energy storage systems

An ESS for planetary surface missions in space is preferred to have above 250 Wh/kg
of specific energy, 500 Wh/l of energy density, 5 years of calendar life, 1000 complete
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cycle life, the ability to function even at temperatures below −40◦C, and immensely
resistant to deterioration because of harmful radiations from space [40]. An ESS having
more specific energy and energy density allows storing more energy with less mass and
volume [9]. Several ESSs, including batteries with recharging (secondary) and without
recharging (primary) capabilities, fuel cells (FCs), flywheels, and capacitors, have been
utilized for various space missions [8, 40] for different purposes and their advantages
and disadvantages are discussed in [9]. Among them, batteries that can be recharged
and FCs appear to have the possibility to meet the required characteristics and can
support the power demand for a prolonged duration [40]. In the current scenario,
secondary battery technologies based on nickel-hydrogen (Ni-H2) and lithium-ion (Li-
ion) are tried and tested for several space exploration missions. However, Li-ion are
slowly displacing Ni-H2 because of having more specific energy and energy density of
approximately ∼ 100 Wh/kg and > 200 Wh/l and their ability to function across a
broader temperature scope compared to Ni-H2 batteries [8, 9, 40]. However, several
researchers are working to improve the operational capability of Li-ion batteries to
even low temperatures of −60◦C to −80◦C [15, 40, 41]. In contrast, active thermal
management techniques [42], such as resistive heaters, cryocoolers, and passive thermal
management techniques [43], such as insulation with multiple shields, heat sinks are also
being investigated and can also be implemented to ensure their operation within the
desired operational temperature. Several kinds of Li-ion batteries and their technical
specifications are listed in Table 1.5 [9].

For prolonged duration of stay, the power demand during the nighttime can be also
supplied from FCs. The different types of FCs and their advantages and disadvantages
are discussed in [9]. A FC combined with an electrolyzer and a system of storing multiple
reactants in the fluid state makes the FC rechargeable and suitable for lengthy space
expeditions and is called RFC [40, 41, 44, 45]. A detailed discussion on proton exchange
membrane (PEM)-RFC and solid oxide (SO)-RFC is provided in [9, 46]. PEM-RFC
appears to be quite beneficial and effective than SO-RFC for surface missions in terms
of weight, charge and mechanism of pressurization [9, 40, 44, 46]. The permanently
shadowed regions at the bottom of the Shackleton crater may temperatures as low
as −193.15◦C to −163.15◦C [26] and can also provide cryogenic cooling temperatures
(−150◦C to −273◦C) for reactant storage tanks, without using any energy. However,
additional equipment will be needed to carry the reactants upwards to the edge of the
crater [8].

In straightforward comparison, RFCs have better specific energy and mass compared
to batteries [10, 41, 44, 46]. The reason for this is that every component of the RFC,
except the storage tanks, is engineered for a predetermined peak power level. Only
enough reactants should be stored in the tanks to support the increased power demand
for a prolonged operation duration. Therefore, with the increase in operational time at
a fixed power level, an increase is observed in the RFC system’s specific energy [10].
In addition, the energy storage (reactant tanks) and conversion (FC combined with
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Table 1.5: Technical characteristics of various Lithium-ion based batteries [9]

Energy density Specific energy Calendar life Cycle life Operating temp. range
Battery (Wh/l) (Wh/kg) (Years) (cycles) (°C)
LFP (Long life) 300 − 400 150 − 200 20 > 100, 000 −10 to 25
LFP (with Alternate Anodes) 300 − 400 250 − 300 ∼ 5 < 500 −40 to 30
LTO 300 − 400 150 − 200 20 > 100, 000 −10 to 25
NMC (Long life) 300 − 400 150 − 200 20 > 100, 000 −10 to 25
NMC (High Energy) 300 − 400 150 − 200 ∼ 5 > 500 −40 to 30
NMC (with Alternate Anodes) 300 − 400 250 − 300 ∼ 5 < 500 −40 to 30
LiPON 300 − 400 250 − 350 > 20 > 100, 000 10 to 80
LLZO 300 − 400 250 − 350 > 20 > 100, 000 10 to 80
LATP 300 − 400 250 − 350 > 20 > 100, 000 10 to 80
LiS 300 − 350 250 − 300 ∼ 5 100 − 500 −40 to 30
LCO 300 − 400 250 − 300 ∼ 5 < 500 −40 to 30
NCA 300 − 400 250 − 300 ∼ 5 < 500 −40 to 30

LFP: Lithium Iron Phosphate; LTO: Lithium Titanium Oxide; NMC: Lithium Nickel Manganese Cobalt oxide; LiPON: Lithium Phosphorus Oxynitride;
LLZO: Lithium Lanthanum Zirconium Oxide; LATP: Lithium Aluminum Titanium Phosphate; Li-S: Lithium – Sulfur; LCO: Lithium Cobalt Oxide;
NCA: Lithium Nickel Cobalt Aluminum Oxide

electrolyzer) units are separate from each other and can be sized individually [44, 46],
whereas both of them are integrated in a single unit in case of batteries [9, 44]. Regarding
the weight of the system and the duration of discharge, a breakpoint of approximately
10 − 18h has been observed between RFCs and batteries [41]. The battery system
mass is lower compared to the RFCs before the breakpoint but increases subsequently.
However, RFCs exhibit a lower performance of charging compared to batteries [17].
Thus, batteries have the ability to recharge faster during short illumination periods.

1.2.3.4 Power distribution technologies

The generated or stored power requires a suitable means for distribution to the con-
sumption units using AC, DC or a hybrid AC-DC system. A 50kW lunar EPS with a
high voltage and frequency is simulated by the authors of [47]. It has been observed that,
although a higher frequency of the power system decreases the capacitor and power con-
verter size, the skin effect and reactive inductance of the line increase, thereby minimally
affecting the mass of the entire system [8]. In addition, the oxides of iron found within
the lunar regolith can cause inductive coupling with the transmission lines resulting in
a significant loss of power [48]. On the other hand, the DC system is extensively used
in space missions and is a well-tested technology. The human habitat in space, like the
International Space Station (ISS), still uses 120V DC power for its EPS [8]. Moreover,
DC systems have the advantage of uncomplicated design, fewer losses, no skin effect
and compensation for reactive power [8, 15]. However, heavy industrial operations re-
quire driving motors, and AC motors are typically lighter and smaller compared to
DC motors at comparable power and torque levels. Therefore, hybrid AC-DC systems
might be beneficial, considering solid-state transformers, to operate the MG safely and
reliably [49, 50].
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On the base, it might be necessary to distribute the generated power to a distance of
0.1 km to 10 km using electrical cables carrying power, RF in the form of beam or lasers
based on solid-state technology [9, 51]. The mass of a distribution system using power
cables increases with the higher level of power. The cross-sectional area of the conductor
might decrease while increasing the voltage level, whereas the thickness of the insulating
material also increases, enhancing the mass of the overall power system [15, 51]. Alterna-
tively, utilizing wireless transmission systems based on RF technologies are investigated
in the literature to transmit power at 2.45 GHz or 5.8 GHz. Although 5.8GHz has
more efficiency of free-space transmission, the mass of the system increases with the
longer transmission distance because of more losses in free-space [51]. In addition to
RF technologies, laser systems made from AlGaAs/Ge quantum well solid-state laser
diode modules can also be used for wireless transmission systems. An active thermal
management system is required to keep the temperature of the diode around 293 K to
achieve a favorable efficiency of transmission [9, 51]. A detailed comparison in terms of
the system power transfer efficiency and specific mass of the three distribution systems
can be found in [9, 51]. Typically, power cables have the lowest specific mass for trans-
mitting power of 10 kW over a span of 1 km with efficiency above 70%. Therefore, using
a DC cable power distribution system for designing the MG might have the maximum
efficiency at minimum mass. For heavy industrial operations, an AC-DC hybrid power
distribution system using power cables is likely to be used to reap the benefits of the
light mass and small size of AC motors.

1.2.3.5 Power systems design and operation

The safety and reliability of the space MG are ensured by having a robust topology
design and operation control together with an efficient power distribution system. The
MG topology affects the stability and resiliency of the MG. The operation control of an
MGs includes coordination and control of converters, sharing the power demand utilizing
several generators and resources, maintaining the required voltage (and frequency in case
of AC), power and duration of charging/discharging of ESSs, and maintaining the power
balance, among others.

Power electronic converter based islanded MGs have low system inertia and are vul-
nerable to stability due to frequent power fluctuations in case of minor faults and the
controller’s inability to handle sudden mismatches in power generation and demand. In
case of a severe fault, the MG might also experience a complete power failure. To over-
come this problem in terrestrial applications, several MGs are interconnected, establish-
ing a system of multi-microgrids (MMGs), facilitating resource sharing and enhancing
energy utilization. Less probable events such as meteoroid strikes may lead to equip-
ment failure impacting the MG system severely and the critical loads can be supplied
from the resources of another MG, thereby increasing the resiliency of the entire MMG
system [52]. A lunar MMG system can be created by segregating the power-consuming
units into several groups where each of the groups has its own power generation and
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ESSs [21]. Therefore, a MMG system for the lunar base should be envisioned and such
topologies are discussed in Section 1.2.3.5.1.

For operation control of MGs in space, such as the EPS of ISS, presently, three ground
stations on Earth communicate the schedule of power-consuming units considering the
requirements and constraints of several systems [53]. The instantaneous communication
for space missions near the low Earth orbit makes it possible to schedule the power-
consuming units on the ground and communicate with the spacecraft. For deep space
missions, such as the missions to Moon and Mars, the communication delay may reach
up to approximately 10 sec and 15 minutes, respectively [54, 55]. In the case of a
base, direct line-of-sight communication might also not be possible during the mission
period, requiring an orbiter to relay the communication signal, further increasing the
communication delay. A delay in communication of even a few seconds can cause severe
problems with control and power management, given that the operational time frames
of these systems are less than a second. Therefore, self-reliant autonomous systems
should be developed utilizing the capability of modern systems to compute critical
calculations rapidly. During disastrous situations, self-governing systems can respond
quickly in the order of a few milliseconds and adapt to swiftly evolving circumstances
in space. For example, spacecraft such as Dragon, Starship and Orion are able to
function independently for space transportation or cargo missions [56–58]. Therefore,
an autonomous power controller (APC) is required to automatically coordinate and
schedule the several power-consuming units and maintain the power balance [55]. The
architecture of such APC is discussed in Section 1.2.3.5.2.

1.2.3.5.1 Multi-microgrid topologies

The lunar MMG topologies can be inspired by the different MMG topologies used for the
terrestrial MMG systems. Commonly, in a single MG architecture, the power genera-
tion, storage and consumption units are connected to a single point of common coupling
(PCC), while there are several PCC locations in an MMG system. A detailed descrip-
tion of various topologies for terrestrial MMG systems, along with their advantages and
disadvantages, are discussed in [52]. Out of these topologies, grid series interconnected
MGs and ring formation can be considered suitable for the formation of lunar MMG
as depicted in Fig. 1.3a and Fig. 1.3b, respectively. In both grid series interconnected
MGs and ring formation, detaching the defective part of the MMG system is possible
while supplying power to the rest of the MMG system. There is an exclusive power
line for sharing resources between any pair of MG in grid series interconnected MGs,
increasing the reliability of the MMG system. However, the installation of such a sys-
tem also requires high capital, and the disturbance might also extend to other MGs
directly connected to the defective part of the MMG system. In the ring formation,
power is shared via another MG in between the source and destination MGs, in case of
which the power line must be designed to support the higher amount of power trans-
fer [52]. A compromise is necessary between reliability, expenditure, and the challenges
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(a) (b)

Fig. 1.3: Probable MMG topologies for a lunar base (a) grid series interconnected MG (b) ring
formation

in implementing control and protection schemes [52].

1.2.3.5.2 Control framework

The operation and control system is one of the crucial design aspects for a safe, reliable
and resilient MG. It includes controlling the operation mode of converters, sharing of
power, maintaining the balance of power, ESS charging/discharging and maintaining
state-of-charge (SoC), grid protection and self-restoration, and scheduling the power
demand optimally, among others. For terrestrial MGs and MMGs systems, there are
several control architectures, such as centralized, decentralized, distributed and hier-
archical [52]. In a centralized architecture, information for all the MGs in an MMG
system is collected, stored and processed in a single computation system, making it
simple to implement while increasing the computational complexity of the controller.
The operation of the whole system is jeopardized in case of a malfunction [52]. In de-
centralized architecture, the controllers do not communicate with each other, and the
controller operates on the basis of variations in the voltage and frequency of the power
grid. Decentralized architecture improves the independence of the MG and its protec-
tion from disruptions originating from external sources. However, the optimal state of
operation with cooperation among the different MGs is not achieved. In a distributed
architecture, the controllers communicate with each other to achieve a unanimous op-
erating objective, facilitating flexibility with easy inclusion and operation of new MGs
in the MMG system while having detrimental effects in case of communication lag or
failure. In hierarchical architecture, the control complexity is categorized into several
levels, namely primary, secondary and tertiary, with sharing of information among the
different levels. In this architecture, the controller at the higher level creates references
for the controllers at the lower level, considering the objectives and overall safety of the
MMG system. The tertiary-level controller optimizes the management of power and
energy of the MMG system, taking into consideration the long-term objectives of the
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Fig. 1.4: Typical APC architecture for spacecraft

MMG system. The secondary-level controller is responsible for maintaining the voltage
and power balance, while the lowest primary-level controller is responsible for control-
ling the power production and demand at the MG level using the power converters. The
controllers also have a higher rate of operation and a lower scheduling horizon moving
down the hierarchy. A detailed explanation of all control architectures is discussed
in [52].

Similar to the terrestrial hierarchical control architecture, the authors of [55, 59, 60]
proposed an APC architecture for spacecraft consisting of vehicle manager, subsystem,
and reactive levels as depicted in Fig. 1.4. The main objective of the uppermost level
controller vehicle manager is to plan and optimize the duration and time of operation
of multiple power-consuming units and perform EMS considering the assigned priorities
and constraints of each load and safety and timely execution of long-term objectives
of the space mission [9]. Other than this, the vehicle manager is responsible for fault
management, maintenance, mitigation, and recovery. In case of a system-level fault, the
vehicle manager reconfigures the power distribution system to minimize or eliminate
operation disruptions [9]. In addition, the control framework must also be able to
handle unexpected operating conditions and allow simple expansion of the base assets
and new operational requirements [9].

1.3 Research questions and hypothesis
Space MGs on the Moon need a variety of power generation, transmission, and storage
technologies to fulfill the required power of the base and reliable control and EMS to
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ensure the quality and continuity of the power supply. This thesis mainly develops a
coordinated and efficient operation and energy management scheme for an optimally
sized PV and battery for PV-battery-based lunar MGs, taking into consideration the
crucial life-supporting systems and the daily operation of the base for maintaining the
health of the crew members and accomplishing the mission’s goals. The following are
the research directions followed in this thesis:

• A PV-battery based MG needs an appropriately sized PV array area to supply
the power demand and charge the battery during the periods when PV power is
available. Enough energy should be stored in the battery to supply the required
power during the time when PV power is unavailable. Moreover, there are several
locations where the average Sun illumination is high, but the mass of the PV and
battery systems is a crucial concern. This leads to the following research questions:

– How to obtain the power generation profile of the PV system at any point
of interest in the close proximity of lunar poles taking into consideration the
solar elevation angle and the topography of the candidate site?

– How the optimal area of the PV array and capacity of the battery can be
determined to not only supply the power consumption during the periods
in which the PV power is available but also to store adequate energy in the
battery to supply the power demand when PV power is unavailable at each
candidate site?

– What are the most important factors that affect the size and mass of a MG
formed using PV arrays and batteries at any possible site? And how can
different locations be compared to select the most suitable location for a
lunar base from the power generation and entire system mass points of view?

• There are several units in the base that consume power, and their operation is
based on the availability of PV power, the total number of crew members, and the
daily activities of the crew members. Moreover, several power-consuming units in
the base interact with each other to maintain the life-sustaining conditions of the
base and this interaction affects their mode and rate of operation. This leads to
the following research questions:

– How the interaction of several life-supporting subsystems can be modeled to
be used for determining the power consumption profile of the base?

– How do the number of crew members and their daily activities affect the
operation rate and mode of several interacting power consuming units in
different subsystems and their power consumption profile?

• The efficient operation management of the base is required to maintain the power
balance and control the charging/discharging of the battery considering an ap-
propriately sized PV array area and capacity of the battery, and power demand
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profile of the base considering the interaction between several subsystems of the
base. This leads to the following research questions:

– What is the optimal power management strategy to maintain the stored
energy of the battery at a desired level while also providing the required
power during the periods when PV power is unavailable?

– How does the reference storage level of the battery affect the mass of the
PV-battery based MG system?

To tackle these research problems, the following methodologies are investigated in
this thesis:

• Developing an optimization framework to optimally size the PV array area and
battery capacity for a PV-battery based MG considering the profiles of Sun illu-
mination time-series and power consumption at any candidate location.

• Identifying and modeling the interaction of life-supporting subsystems of the base
to determine the operation mode and rate of the power consumption of the base.

• Developing an optimization framework to generate the optimal profile of power
demand of the base considering the mutual influence of various subsystems and
their operation rate and mode and the daily activities of the crew members to
retain the intended levels of life-supporting resources in the base.

• Developing an operation management framework for the PV-battery based MG
to obtain the optimal profiles of PV power generation and charging/discharging
power of the battery while satisfying the system constraints and keeping the bat-
tery’s stored energy at the intended level.

• Developing an index to compare different locations and identify the best candidate
site to fulfill the requirements of the space mission with the least expenses.

The methodologies developed in this thesis are based on certain assumptions that
are listed below:

• The Moon is bombarded with cosmic radiations and ions/nuclei particles from
space due to the lack of an atmosphere. Although there are few studies model-
ing the degradation of the PV array and battery in a spacecraft due to cosmic
radiations in the low-Earth orbit, a study on the degradation of PV array and
battery due to cosmic radiations on the lunar polar regions is not still available.
Therefore, this thesis does not consider the degradation of PV array and battery
due to cosmic radiations from space.
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• The mass of the PV-battery-based MG is determined by only considering the PV
array and the battery mass. However, there are several other components, such
as power converters, protection devices, and power cables, that need to be taken
into consideration while determining the overall mass of the MG system.

• There is an interaction of several gases and other life-supporting resources in
several subsystems of the base. However, the interaction of ISRU, habitat, and
wastewater subsystem for maintaining only the oxygen and water in the base is
considered in this thesis.

• At the start of the space mission, a certain amount of oxygen and water is required
to support the lives of the crew members for some initial days before the oxygen
and water production facility can start to operate. The initial levels of oxygen
and water tanks for modeling the interaction among different subsystems of the
base are determined arbitrarily.

• Demand-side management and load scheduling is an essential part of the optimal
sizing and operation management of a power system as it optimally schedules the
controllable loads maintaining the balance of power in the power system. Includ-
ing an efficient demand-side management scheme can better utilize the available
resources in space. However, this thesis does not consider demand management
for the operation of the power system.

1.4 Outline of the thesis
This chapter of the thesis discussed the illumination and topographical conditions on
the Moon and several technologies and devices needed to establish an MG on the Moon.
It explained several generation, transmission and storage technologies of power available
for MGs on the Moon. In addition, the several MMG topologies that can be implemented
for establishing MMG system on the Moon along with their control framework are
discussed.

Chapter 2 discusses the PV power generation profile using the Sun illumination
time-series profile and the Sun elevation angle at the candidate location of the Moon.
The several power-consuming units and their power demand during the availability and
non-availability of PV power are discussed. An optimization framework is proposed
to determine the optimal PV array area and capacity of the battery minimizing the
mass of the PV and battery in a PV-battery MG system taking into account the time-
series profile of Sun illumination and several technical constraints for battery and power
balance. The simulation results of the proposed optimization framework are discussed
and analyzed along with proposing the criterion to determine the location that serves
the greatest power demand requiring the lowest aggregated mass of the PV-battery
system.
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Chapter 3 first introduces the need to consider the interaction among several subsys-
tems of the base to maintain the critical resources supporting the life of crew members
and its importance in determining the profile of power consumption of the base. The
optimal profile of power consumption of the ISRU is determined using an optimization
framework considering the daily activities of the crew members, their oxygen and wa-
ter consumption profile and maintaining the oxygen and water tanks in the respective
subsystems at a desired level. The overall power demand profile of the ISRU is deter-
mined taking into account the several other devices required for the operation of ISRU.
The habitat power consumption profile is determined based on the daily schedule and
activities of the crew members. An optimization framework is proposed for the oper-
ation management of both the PV-battery based ISRU and habitat MGs to maintain
the stored energy of the battery at a desired level and determine the optimal PV power
profile and battery charging/discharging profile by minimizing the PV array and battery
mass. The simulation results for the operation management of both the ISRU and habi-
tat MG are discussed. A comparison of several candidate sites in terms of PV array and
battery system size and mass is discussed along with mass-per-unit-load (MPUL) and
several other factors in determining the most suitable location for building a PV-battery
based MG in the close proximity of Shackleton crater.

Chapter 4 first concludes the study with the primary inferences of the study. In
addition, the contributions of the thesis are listed and described. The further directions
of study are also discussed in this chapter.
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Chapter 2: Optimal sizing and sit-
ing of PV-battery-based
lunar MGs

This chapter elaborates on the framework to obtain the optimal size of the PV array
and battery for the PV-battery-based lunar MG. The chapter starts by introducing
the problem statement, the importance of determining the optimal size of PV array
and battery and the hypothesis for the proposed solution. The rest of the sections of
the chapter describes the methodology to obtain the profiles for power generation and
demand of the base, the optimization framework to determine the size of the PV array
and battery, the results of the optimization, and the parameter for selecting a site for
the base. The Chapter 3 focuses on the operation management and EMS of a lunar MG
considering the interaction between multiple power-consuming subsystems of the base.

2.1 Introduction
The space MG on the Moon requires an appropriate size of power generation and ESSs
for supplying the power demand during daytime and nighttime and maintaining the
power balance. Given the benefits of solar power generation and Li-ion batteries in
comparison to nuclear fission-based reactors and RFCs [9], which are explored briefly
in Section 1.2.3.1 and Section 1.2.3.3, respectively, PV arrays and Li-ion batteries are
considered for power generation and energy storage in this thesis. During the daytime,
it is desired that the PV system supply the power demand while the power is consumed
from the batteries during the nighttime.

In the literature, several studies investigated the size of the ESS required to supply
the power demand of the base. In [61], the authors used the DEM provided from the
radars mounted on Earth and the average illumination at several sites to identify their
highest and lowest ESS operation duration. The possibility of lowering the ESS size
at a site by mounting PV arrays atop tall towers to enhance the condition of average
illumination is examined in [16]. A comparison study of battery and RFC supported PV

33
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system for 10 years by the authors of [17] showed that PV-RFC system has lower mass
compared to battery supported system, but batteries have higher charging efficiencies
than RFCs reducing the charging time duration of batteries. A power system based
on PV arrays and batteries for a base near the rim of the Shackleton crater was also
sized in [15] considering a constant solar illumination. The authors of [10] calculated
the PV-battery system mass for a base located near the 30◦ lunar latitude having a
fixed consumption of power at 25.8 kW for a duration of one lunar month (∼ 708 h).
Therefore, the studies in the literature considered either average or constant illumina-
tion, constant power demand or a non-polar location. However, several studies have
shown that highly illuminated sites are near the poles and have small angles of elevation
of the Sun with high elevated lands in the surrounding area that obstructs the solar
energy at the sites [9] as discussed in Section 1.2.1 and Section 1.2.2. Moreover, it is
more accurate to estimate a power demand profile according to the specific time and
operational duration of multiple power-consuming units instead of an average or peak
constant power demand of the base.

In this chapter, a methodology is discussed to estimate the PV power utilizing the
time-series profile of Sun illumination at a site proposed in [19] taking into consideration
the PV arrays mounted atop towers having heights of 10 m, 50 m, and 100 m. The
power usage pattern of the base is obtained by considering the operational duration and
time of multiple units within the base that consumes power [21]. The different power-
consuming units are also divided into three groups, each having its own power generation
and storage resources forming an MMG system. The MMG system in the base increases
the reliability and resiliency of the MMG system [9] as discussed in Section 1.2.3.5. The
chapter further discusses the proposed optimization function to minimize the PV array
and battery mass of a PV-battery MG and the total cost per day of the battery to
minimize the expenses of the space mission as the expenses rise with the growth in the
weight of the payload [21]. MATLAB-fmincon optimization tool is utilized to find the
solution to the optimization considering an optimization horizon of one year and five
years [21]. Furthermore, yearly decline in the capacity of the battery because of calendar
and cyclic aging is taken into account only for the case of five years. A comparison
among 15 candidate sites (see Table 1.3) near the Shackleton crater is discussed in
relation to the mass and area of the PV array, mass and capacity of the battery, mean
illumination at the sites, most continuous period of darkness, and total power generation
and demand served considering both the single MG and the MMG system. The chapter
also discusses the proposed mass-per-unit-load (MPUL) criterion to locate the site with
the lowest overall system mass supplying the greatest power demand [21].

The rest of the chapter is arranged as follows. The methodology to generate the
PV power from the illumination time series profile is discussed in Section 2.2. Multi-
ple units that consume power in a base and the methodology to generate the profile
of power consumption of the base are discussed in Section 2.3. The model and op-
timization framework and the optimization results are discussed in Section 2.4, along
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with several constraints and battery degradation. The site selection process is discussed
in Section 2.5. Finally, Section 2.6 concludes the chapter with remarks.

2.2 PV power generation
Even though no atmosphere is present around the surface of the Moon to obstruct
the solar radiations, the power generation from the solar radiation depends on several
factors, such as the intensity of the solar radiation, the angle at which the PV arrays
are inclined and their orientation, cell efficiency, and the elevation angle of the Sun,
among others [10, 21]. The PV power generation on the Moon can be determined by
the following [10, 21]:

P t
P V = (1 − χd)fscηscAaIs sin (α+ β) (2.1)

where Is is considered almost equal to that of Earth at 1359 W/m2 as the maximum
variation on the Moon is approximately 0.56% of that of Earth [10, 21]. The illumination
time-series profile [19] at the site is multiplied with the Is to include the effect of shadows
caused by the surrounding elevated terrains [21]. The illumination time-series for one
year is shown in Fig. 2.1 [21]. At a particular latitude, the variation of α from the start
to the end of the day can be determined by the following [10, 21]:

α = π

2 − cos−1
[
sin (ϕ) sin (ψ) − cos (ϕ) cos (ψ) cos

(
2πti
td

)]
(2.2)

Furthermore, the ψ can be determined by the following equation [10, 21]:

ψ = ψmax sin
(

2πdn

dnt

)
(2.3)

In this study, χd is assumed to be zero taking into account that the PV arrays are
installed near the base and the dust is removed at regular periods. All the parameters
considered to calculate P t

P V are listed in Table 2.1 [10, 21]. In space, MJ PV panels
made up of GaInP/GaAs/Ge are extensively used as they possess high efficiency, resis-
tance to radiation, and well-established procedures and techniques of production [21].
In Eq. (2.1), Aa is determined after solving the optimization problem.

The PV generation is also affected by the harsh operating conditions in space, as
mentioned in Section 1.2.3.1.3. The temperature of the surface in the vicinity of the
Shackleton crater are in the range of −193.15◦C to −163.15◦C [21, 26, 27]. Active [42]
and passive [43] thermal management systems must be utilized to maintain the tem-
perature of the PV cells within their operating range to save them from significant
degradation due to extreme temperatures. Moreover, the PV cells also degrade due to
cosmic and nuclei/particle radiation in space. However, the impact on PV cell due to
extremely low temperatures and nuclei/particle radiations from space on the Moon is
not included in this thesis as it has not yet been widely studied in the literature [21].
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Fig. 2.1: Illumination time-series at Site #1 from July 6, 2023, to July 5, 2024. (“1” - illumination
available and “0” - site shadowed

Table 2.1: Parameters for determining power output of PV array

Parameter Value
χd 0
fsc 0.89
ηsc 0.28
β same as ϕ
td 708.33 h
ψmax 0.0262 (= 1.5◦)
dnt 365.25 days

2.3 Power demand profile
The habitat is the most vital power-consuming unit in a base as it has to maintain
the LSS for the crew members. The LSS includes maintaining the artificial atmosphere
with life-supporting gases, habitable temperature and pressure in the habitat, food and
water supply, and waste treatment, among others. In addition, biomass production
is also considered a crucial LSS responsible for growing food for a longer duration of
stay in space [21, 35]. Other than this, power is required for communication within the
base and with the ground station, and for several electrical appliances, such as lights,
computers, displays, and so on [21].

Furthermore, several specialized scientific appliances in the laboratory also need
electrical power to perform scientific experiments in the base. It might be required to
perform several EVA to collect samples, explore interesting locations, transportation and
carry out maintenance tasks using pressurized or unpressurized EVs or rovers [10, 21].
Autonomous rovers can also be employed for some of the abovementioned activities.
All the pressurized or unpressurized EVs, rovers and autonomous rovers need charging
stations to charge their ESS [21].

Rather than depending on costly re-supply missions from Earth, it is desired to
utilize the available minerals on the Moon to produce oxygen and water from the lunar
regolith using ISRU [10, 21]. The ISRU is one of the major power-consuming units
in the base consisting of a number of electrical motors to collect, vibrate to separate
particles, and move the regolith to a reactor and carry out electrolysis to extract oxygen
and propellants (hydrogen) from water [10, 21]. In addition to electrical power, thermal
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power is also needed in the reactor to carry out catalyzed hydrogen reduction reaction of
the regolith in the reactor. Solar energy can be utilized to supply the required thermal
power using concentrators and optical waveguides [21, 37–39]. However, in this thesis,
the thermal power is also considered to be supplied using electrical heaters [21].

All the units that consume power in a base are listed in Table 2.2 [10, 21, 36, 62].
The power-consuming units can have an active and survival state of power consumption.
In the survival state, a non-critical power-consuming unit can either be switched off
or operate in a low-powered state. During the nighttime, the power demand is to be
supplied from the ESS, and a lower power consumption level reduces the size of the ESS.
All the other critical power-consuming units consume active-state power throughout
their operation duration [21]. It is to be noted that the power-consuming units are
also divided into three groups, namely, habitat, laboratory and ISRU to investigate the
case of a MMG system rather than examining only the case of including all of them
within a single MG. Each of the groups has its own power generation and ESS to share
resources in a time of emergency [21]. The power consumption of the habitat depends
on the number of crew members as critical LSS are maintained in the habitat. It is
assumed that approximately 10 − 30 kW of power is required for 2 − 5 crew members
in the habitat [10, 21, 36]. The power usage of ISRU relies on the process and rate at
which oxygen, water and propellants are produced and, therefore, has the possibility
to lie within the range from tens to hundreds of kW [10, 21, 41]. Likewise, factors
such as the type of lunar surface, distance traveled, frequency of experimentation, and
the characteristics of the regolith influence the amount of power required by EV and
rovers [9, 21, 36]. The factors affecting the consumption of power because of multiple
units in the base are discussed in Section 1.2.3.2.

The pattern of power demand at various sites depends on the illumination time-
series profile of the site and the time-of-use of the device [21]. It is assumed that
the devices consume active-state/survival-state power during the period illumination
is available/unavailable. The total power consumption at each hour (P t

L) over 24 h is
the summation of all the devices operating at that hour (t) and is determined as the
following [21]:

P t
L =


U∑

u=1
P a

u (t) P t
P V > 0

U∑
u=1

P s
u(t) P t

P V = 0
(2.4)

The power demand profile for each of the MGs in a MMG system, namely habitat, lab-
oratory and ISRU, shown as “Section” in Table 2.2, is created in the same methodology
as mentioned above [21].
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Table 2.2: Different units that consumes power in various sections (Habitat (H), Laboratory (L), and
ISRU (I)) of a base [10, 21, 36, 62]

Power (W )Section Device Active-state Survival-state
Average

daily use (h) Time of use (h)

H L I Air compressor 3.5 3.5 24 0 − 24
H L I Airlock vacuum pump 500 500 1 21 − 22
H L I Airlock status LED 5 5 24 0 − 24
H L I Artificial daylight LED 150 75 24 0 − 24
H Water heater 4000 0 1 6 − 7
H LSS 4500 3000 24 0 − 24
H Induction oven 2000 0 1 8 − 9
H L I Monitoring camera (9 Nos) 5 5 24 0 − 24
H L Laptop 60 60 12 9 − 21
H L I LCD display 160 0 24 0 − 24
H L I Lighting LED lamps (33 Nos) 20 10 4 20 − 24
H Microwave 800 0 2 7 − 9
H L Projector 60 0 1 10 − 11
H Crew Laptop-1 65 0 10 8 − 18
H Crew Laptop-2 80 0 6 9 − 15
H Crew Laptop-3 60 0 3 9 − 12
H Crew Laptop-4 80 0 10 9 − 19
H Crew Laptop-5 65 0 8 9 − 17
H Crew Laptop-6 70 0 2 18 − 20
H Crew Smartphone-1 2 0 1 19 − 20
H Crew Smartphone-2 2 0 1 20 − 21
H Crew Smartphone-3 5 0 2 20 − 22
H Crew Smartphone-4 3 0 2 17 − 19
H Crew Smartphone-5 2 0 3 18 − 21
H Crew Smartphone-6 3 0 1 20 − 21
H L Camera-1 10 0 2 10 − 12
H L Camera-2 10 0 1 15 − 16
H L Camera-3 10 0 1 21 − 22
H Treadmill 800 0 5 5 − 10
H L Refrigerator 10 10 24 0 − 24
H Hair dryer 1200 0 1 8 − 9
H Washing machine 2000 0 1 18 − 19
H Vacuum cleaner 1.5 0 1 7 − 8
H L I Electrical power system 200 200 24 0 − 24
H L I Communication system internal components 1500 750 24 0 − 24
H L I Communication system external components 1000 1000 24 0 − 24
H L I Central computer 100 100 24 0 − 24
H L Spacesuit battery charger 140 140 6 23 − 5
H L Sample drill battery charger 2000 0 1 15 − 16
H L I Active thermal control system-daytime 1200 900 24 0 − 24
H L I Active thermal control system-nighttime 1900 1500 24 0 − 24
H L I Sensors 4000 3000 24 0 − 24

L 3D printer 700 0 12 9 − 21
L Welder 5000 0 1 11 − 12
L Laboratory electric arc furnace 5000 0 1 13 − 14
L Manufacturing device 2000 0 1 10 − 11
L Rover charging 7000 1000 6 23 − 5
L Pressurized EV charging 10 000 3000 6 23 − 5
L Unpressurized EV charging 3000 2000 6 23 − 5

I ISRU 65 000 500 24 0 − 24

2.4 Optimal sizing of PV and battery systems
This section explains the methodology to obtain the optimal PV array area and capacity
of the battery using the proposed optimization function. The optimization considers
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battery degradation and constraints related to battery and power balance, as discussed
in the following sections.

2.4.1 Battery constraints
Among the several types of ESS, the Li-ion batteries have energy density and specific
energy of approximately 200 Wh/l and 150 − 200 Wh/kg, making it a suitable ESS
to be used for the lunar MG [8, 10, 21, 40]. The battery charging/discharging can be
determined using the following [21]:

Charging: E(t+ 1) = E(t) + P t
cηc∆t

Discharging: E(t+ 1) = E(t) − P t
d

ηd
∆t

(2.5)

where the period between two successive instants is denoted by ∆t. Charging/discharging
power of battery, P t

c and P t
d, respectively, are constrained by [21]:

0 ≤ P t
c ≤ P t,max

c

0 ≤ P t
d ≤ P t,max

d,

(2.6)

In addition, the restriction in the amount of energy stored within the battery is as
follows [21]:

Emin ≤ E(t) ≤ Emax (2.7)

where Emin and Emax is determined as the following:

Emin = (1 −Bdod)Ecap

Emax = BmaxEcap

(2.8)

The restriction on the battery’s final energy at the end of the period of optimization is
given by:

E(T ) = (1 ± δ)E(0) (2.9)

Flexibility on the final energy stored in the battery is introduced using δ varying between
0 and 1.

2.4.2 Battery degradation
The deterioration in battery performance is influenced by the number of cycles, called
cyclic aging, and the duration for which the battery is operational, called calendar aging.
Batteries are affected by their operating temperature, SoC, depth of discharge (DOD)
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and duration of use [21, 63]. The total degradation in battery capacity caused by cyclic
and calendar aging as suggested by the authors of [63] are given as follows:

Lcyc =
N∑
i

nifcyc (ρi, λi, Tc,i)

Lcal = fcal

(
t, ρ, T c

)
fd = Lcyc + Lcal

(2.10)

where ni is 0.5 or 1 depending on whether the cycle is half or full, respectively. Further,
the fcyc and fcal is determined as follows [21, 63]:

fcyc (ρ, λ, T ) = Sλ(λ)Sρ(ρ)ST (T ) (2.11)
fcal (t, ρ, T ) = St(t)Sρ(ρ)ST (T ). (2.12)

where Sλ, Sρ, ST and St is determined as follows [21, 63]:

Sλ(λ) =
(
kλ1λ

kλ2 + kλ3
)−1 (2.13)

Sρ(ρ) = ekρ(ρ−ρref ) (2.14)

ST (T ) = ekT (T −Tref )
Tref

T (2.15)
St(t) = ktt (2.16)

Therefore, the decrease in battery capacity can be determined as follows [21, 63]:

Enew
cap = (1 − fd)Ecap (2.17)

In addition, the number of battery cycles is limited by [21]:

Bcycles < Btotcycles (2.18)

where Btotcycles is determined as [10, 21]:

Btotcycles = −0.0799B3
dod + 20.035B2

dod − 1757.6Bdod + 57778 (2.19)

The coefficients and parameters considered in this study are listed in Table 2.3 [21, 63].
The rainflow cycle counting algorithm is used to determine the battery’s cycle number
(half or full), Bcycles, DOD and mean SoC at the ith cycle, and start and end time
of battery cycle utilizing the SoC of the battery as input [21]. It is assumed that the
battery is operating approximately at a temperature of 22◦C using active and passive
thermal management system [21].

Similar to PV cells, cosmic and nuclei/particle radiations in space also cause dete-
rioration in the battery. While the batteries can be protected from detrimental space
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Table 2.3: Degradation model parameters [21, 63]

Degradation Degradation
coefficients Value coefficients Value

kλ1 1.40 × 105 ρref 0.5
kλ2 −5.01 × 10−1 kT 6.93 × 10−2

kλ3 −1.23 × 105 Tref 25◦C
kρ 1.04 kt 4.14 × 10−10s−1

radiation by employing various methods of shielding, it is impossible to ensure full pro-
tection. Battery degradation models based on data collected from different spacecraft
have restricted application areas, and other studies focus on battery electrolytes and
electrode degradation [21]. Therefore, models for deterioration in batteries caused by
cosmic radiation on the Moon need further research and are considered future work by
the author.

2.4.3 Power balance constraint
The power balance is maintained using the following [21]:

P t
P V = P t

L + P t
B (2.20)

where during charging P t
B = P t

c and while discharging P t
B = −P t

d.

2.4.4 Proposed optimal sizing algorithm
The expenses for the space mission depend on the mass of the PV arrays and the
batteries as they need to be transported from the Earth to the Moon, along with several
other structures for building the MG. Therefore, an optimization function is proposed
in this study to minimize the area of the PV array, the capacity of the battery and the
total cost per day (TCPD) of the battery. The solution to the optimization problem
is an optimally sized PV array area and battery capacity. The proposed optimization
function is given as [21]:

J(Ecap, Aa) = TCPD(r, l, Ecap,MC,FC) +MB(Ecap) +MP V (Aa) (2.21)

where TCPD, MB , and MP V can be determined as [10, 21, 64]:

TCPD = 1
365

(
AOTC(r, l, Ecap, FC) + Ecap ×MC

)
(2.22)

MB = Ecap

SbBdod
(2.23)

MP V = σsAa (2.24)
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Fig. 2.2: Flow diagram to solve the optimization problem and determine the optimal PV array area
and battery capacity

Table 2.4: Parameters considered in the optimization function [21]

Parameters Value
r 6 %

1 (Optimization period: 1 year)
l 5 (Optimization period: 5 years)
FC 600 $/kWh
MC 20 $/kWh
Bdod 80 %
ηc 80 %
ηd 80 %
Sb 200 Wh/kg
σs 0.55 kg/m2

The annualized one-time cost (AOTC) of the battery can be determined as [21, 64]:

AOTC = r(1 + r)l

(1 + r)l − 1FC × Ecap (2.25)

The optimal PV array area and battery capacity from the optimization function ensure
that the PV array charges the battery before the solar energy becomes unavailable,
during which the battery has to supply the power demand, maintaining the power
balance of the system. The different parameters used for the optimization are listed
in Table 2.4 [21, 64]. All the constraints related to battery and power balance, as
discussed in Section 2.4.1 and Section 2.4.3, respectively, are considered in solving the
optimization problem. The complete flow diagram of the optimization algorithm is
shown in Fig. 2.2.

2.4.5 Simulation results and discussion
The non-linear optimization problem is solved using the “interior point algorithm” of
the Matlab-fmincon tool for all the 15 candidate sites listed in Table 1.3. The optimiza-
tion problem is solved by considering 1 year and 5 years periods of optimization. The
degradation in battery capacity, as discussed in Section 2.4.2, is taken into consideration
only for optimization period of 5 years. Bdod and Bmax are assumed to be set to 80%
and 90% to calculate Emin and Emax in Eq. (2.8), respectively. In addition, the PV
arrays are mounted on 10, 50 and 100 m high towers are taken into consideration for
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(a) (b)

Fig. 2.3: Different lunar MG design approach (a) single MG (b) MMG system1 [21]
1 Icons from https://icons8.com

the study [21]. Moreover, the optimization results are analyzed considering both the
single MG (see Fig. 2.3a) and MMG system (see Fig. 2.3b) as discussed in Section 2.3.

2.4.5.1 Single MG system design

All power-consuming units listed in Table 2.2 in single MG system are supplied from
combined PV arrays and batteries as depicted in Fig. 2.3a. The stored energy level in
the battery, power generation profile by the PV arrays, power demand profile and the
charging/discharging power profile of the battery for the optimization horizon of 1 year
(∼ 8766 h) without taking into account the decline in the capacity of the battery and 5
years period of analysis (∼ 43830 h) considering the decline in the capacity of the battery
at site #2 are depicted in Fig. 2.4a and Fig. 2.4b, respectively. The methodology to
determine the profile of power demand is described in Section 2.3. The profile of power
generation from the PV arrays situated on 10 m high towers having an optimal Aa of
303.83 m2 and 304.97 m2 are obtained from the optimization solution for the period of
optimization of 1 year and 5 years, respectively. From Fig. 2.4, it can be observed that
the reduced level of power demand is provided from the batteries during the period when
the generation from PV arrays are unavailable. The decrease in the stored energy level
of the batteries can also be observed during this time period. Conversely, the battery is
charged during the period PV power is available. In fig. 2.4b, a decrease in Emax and
Emin can be observed after each year for 5 years caused by the degradation of battery
capacity as a result of cyclic and calendar aging.

The optimal Ecap and Aa are found for all the 15 candidate sites as listed in Ta-
ble 1.3 using the optimization framework for 1 year and 5 years as depicted in Fig. 2.5a,

https://icons8.com
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(a)

(b)

Fig. 2.4: Site #2 single MG design level of energy stored in the battery, profiles of power generation
and consumption and charging/discharging power of the battery (a) 1 year without taking into account
the decline in the capacity of the battery (b) 5 years taking into account the decline in the capacity of
the battery with PV arrays mounted on 10 m high towers [21]

Fig. 2.5c, Fig. 2.6a and Fig. 2.6c, respectively. It was observed that the Ecap and Aa

are in the order of 107 Wh and 102 m2, respectively, for the period of optimization of
both 1 year and 5 years. The MB and MP V from the optimal Ecap and Aa are found
for all the 15 candidate sites using Eq. (2.23) and Eq. (2.24) for 1 year and 5 years as
shown in Fig. 2.5b, Fig. 2.5d, Fig. 2.6b and Fig. 2.6d, respectively. It was observed that
the MB and MP V is the order of 105 kg and 102 kg, respectively, for both the 1-year
and 5-year optimization interval. The area of the PV array, the capacity of the battery
and their masses are observed to be reduced as the tower height is increased. It is
worth noticing that the area and mass of the PV array are almost the same for both the
cases of 1-year and 5-years optimization duration, as deterioration in PV arrays is not
considered in this study. However, an increase in battery capacity and mass is observed
while increasing the period of optimization from 1 year to 5 years because of a decline
in the capacity of the battery for the case of 5 years.

The entire mass of the PV-battery system for the MG at all the 15 candidate sites is



2.4. Optimal sizing of PV and battery systems 45

(a) Battery size (W h) (b) Battery mass (kg) (c) PV array area (m2) (d) PV array mass (kg)

Fig. 2.5: Capacity and mass of battery and area and mass of PV array for the single MG case and
1-year period of optimization without taking into account the decline in the capacity of the battery at
various tower heights [21]

(a) Battery size (W h) (b) Battery mass (kg) (c) PV array area (m2) (d) PV array mass (kg)

Fig. 2.6: Capacity and mass of battery and area and mass of PV array for the single MG case and
5-years period of optimization with taking into account the decline in the capacity of the battery at
various tower heights [21]

calculated by adding the PV and the battery mass is presented in Fig. 2.9a and Fig. 2.9b
for both the 1 year and 5 years optimization horizons, respectively. It is observed
from Fig. 2.9a and Fig. 2.9b that the total system mass decreases as the height of the
tower is raised. This is because of the fact that, in general, the average illumination
at the site enhances as the height of the tower is raised, as can be seen in Fig. 2.10a.
Similarly, increasing the tower height also decreases the longest continuous dark period
at the site as observed in Fig. 2.10b. From Fig. 2.10a and Fig. 2.10b, it can be observed
that raising the height of the tower from 10 m to 50 m for the sites #2, #6, #12,
#13, and #14 significantly increases the average illumination condition at the sites
along with a considerable decrease in the longest continuous dark period. This rise in
mean illumination and reduction in the longest continuous dark period also decreases
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(a) Habitat (b) Laboratory (c) ISRU

Fig. 2.7: Entire mass of the PV array-battery system (in kg) for 1-year period of optimization con-
sidering different sections in the MMG system with PV arrays atop towers of different heights [21]

(a) Habitat (b) Laboratory (c) ISRU

Fig. 2.8: Entire mass of the PV array-battery system (in kg) for 5-years period of optimization
considering different sections in the MMG system with PV arrays atop towers of different heights [21]

the combined weight of the system for the single MG case at these sites significantly for
both 1-year and 5-year optimization periods as represented in Fig. 2.9a and Fig. 2.9b.
The total mass of the PV-battery system decreases by approximately 50% if the tower
height of the PV arrays installation is increased from 10 m to 50 m for both the 1-year
and 5-year period of optimization. It can be observed from Fig. 2.10a that sites #1, #3,
#9, and #15 have an illumination which is highest among other sites with towers of
10 m height and has the total system mass which is lowest among other sites. However,
there is a negligible effect of raising the height of the tower from 10 m to 50 m on
mean illumination and longest continuous dark period for sites #7 and #11. Therefore,
increasing the tower height does not affect the overall weight of the PV-battery system
at sites #7 and #11 for both 1-year and 5-year optimization periods. It is worth noticing
that the mean illumination and the maximum duration of uninterrupted darkness are
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(a)

(b)

Fig. 2.9: Entire mass of the PV array-battery system (in kg) comparison of MMG and single MG
system for (a) 1 year without (b) 5 years with taking into account the decline in the capacity of the
battery

similar but not exactly the same for each of the 5 years. Thus, the optimal area of the
PV array and the capacity of the battery for one of the years might be similar to those
from other years but not identical.

2.4.5.2 MMG system design

In this study, the power-consuming units are divided into three sections, each section
having its own PV array and battery system as discussed in Section 2.3, forming the
habitat, ISRU, and laboratory MGs as depicted in Fig. 2.3b. Instead of a centralized PV-
battery system as in a single MG design, the assets of each MG in the MMG system can
be utilized by the other MGs in case of faults or disturbances, increasing the resiliency of
the MMG system. The entire mass of the PV-battery system for the habitat, laboratory,
and ISRU MGs at the 15 candidate sites are shown in Fig. 2.7 and Fig. 2.8 for 1-year
and 5-year periods of optimization, respectively, which is in the order of 104 to 105 kg.
It can be observed that the entire mass of the PV-battery system of the habitat MG
is more than the laboratory and ISRU MGs for both cases, as the habitat MG consists
of more critical power-consuming units that must be supplied from the batteries during
the dark periods. The entire mass of the PV-battery system of the three MGs in the
MMG system is compared with the single MG design in Fig. 2.9a and Fig. 2.9b for both
assumed optimization periods. It is observed that, for both 1-year and 5-year horizons,
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(a)

(b)

Fig. 2.10: (a) Illumination condition (b) Longest continuous dark period for different sites with PV
arrays atop towers of different heights [21]

the combined mass of the MMG system design is nearly equal to the weight of a single
MG configuration in all candidate locations. Thus, the MMG system design can increase
the reliability of the power system without affecting the total mass of the PV-battery
system.

It is worth noticing that raising the height of the towers with PV arrays improves
the illumination condition of most of the sites, as can be seen in Fig. 2.10a, but a rise
in the structural mass of the tower is also inevitable. On the other hand, a decrease of
104 kg to 105 kg in the weight of the battery is observed even though the mass of the
towers becomes heavier. The tower can be made up of carbon composite structures [10]
or using concrete produced from lunar regolith [65], in which transportation of towers
from the Earth is not required. Other than mounting the PV arrays, the high towers
have the advantage of using it for communication within the base, transmitting power
using RF or lasers, and lighting the base area. Furthermore, the entire mass of the
MMG system is calculated based on only the weight of PV and battery. However, given
the extra weight of supplementary equipment like power cables, converters, devices for
system protection, etc., it is anticipated that the total system mass for the design of
MMG system will be larger. A more thorough investigation in this regard is considered
a future work by the author.
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(a) (b) (c)

Fig. 2.11: (a) Total power generated by the PV arrays [W ] (b) total power supplied to loads [W ] (c)
mass-per-unit-load [kg/W ] in case of the single MG configuration at various heights of tower considering
1 year period of optimization [21]

(a) (b) (c)

Fig. 2.12: (a) Total power generated by the PV arrays [W ] (b) total power supplied to loads [W ] (c)
mass-per-unit-load [kg/W ] in case of the single MG configuration at various heights of tower considering
a 5-year period of optimization [21]

2.5 Site selection
An ideal site for the base should not only have low PV-battery system mass but also
serve a high total power demand. Therefore, the ratio between the combined system
weight and the total power supplied to loads at a site is evaluated, called MPUL, to
determine the location that serves the greatest power demand with the minimal overall
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weight of the system. The MPUL of a site can be determined as follows [21]:

MPUL = Total system mass
P total

L

(2.26)

where P total
L can be determined as follows [21]:

P total
L =

T∑
t=0

P t
L (2.27)

The Fig. 2.11 and Fig. 2.12 shows the total power generated from the PV, total consump-
tion of power and the MPUL for the 15 candidate sites for 1-year and 5-year periods of
optimization, respectively. It is observed from Fig. 2.11c and Fig. 2.12c that, the total
power demand of roughly 7.8×108 W and 3.9×109 W is served by the sites #1, #3, #9,
and #15 with a tower of 10 m height, which is among the highest compared to other
sites for both 1-year and 5-year periods of optimization, respectively. Site #3 and #15
have MPUL of roughly 1.7 × 10−4 kg/W and 5.1 × 10−5 kg/W, which is the least among
the 15 candidate sites for both 1-year and 5-year analysis periods, respectively. With
PV arrays mounted at a height of 50 m using towers, low MPUL is observed in sites
#1, #2, #3, #9, #14, and #15, among which lowest MPUL of 1.2375 × 10−4 kg/W
is observed at site #14 for an analysis period of 1 year. Site #14 is observed to have
the lowest MPUL of 3.53 × 10−5 kg/W also with an increased optimization horizon of
5 years and tower heights of 50 m as shown in Fig. 2.12c. With the increased tower
height of 100 m, site #14 is observed to have the lowest MPUL of 1.0446 × 10−4 kg/W
and 2.879 × 10−5 kg/W for 1-year and 5-year analysis periods, respectively.

2.6 Conclusion
In this chapter, the optimal area of the PV array and the capacity of the battery for
a PV-battery-based MG were found using an optimization function to minimize the
mass of the PV array, the mass of the battery and total cost per day of the battery
for 15 potential locations in close proximity of the south pole. The time-series profile
of Sun illumination at the site was utilized to determine the power generation from
the arrays of PV installed at a height of 10, 50, and 100 m using towers. The area
of the PV array and the capacity of the battery were optimally sized using the profile
of power consumption, and generation from PV, and the time-of-use of multiple units
that consumes power in the base. An analysis period of 1 year and 5 years were taken
into account for finding the solution to the optimization problem, considering annual
degradation in battery capacity caused by the calendar and cyclic aging for the case of
5 years. It was found that the entire mass of the PV-battery system of 15 candidate
sites is roughly within 1.5 × 105 kg to 3.5 × 105 kg and 2 × 105 kg to 5.5 × 105 kg for
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1-year and 5-year periods of optimization, respectively, taking into account that the
PV arrays are mounted on 10 m high towers. By raising the height of the towers to
50 m and 100 m, the entire mass of the system approximately changes within 1×105 kg
to 2.25 × 105 kg and 1.5 × 105 kg to 3.25 × 105 kg for analysis periods of 1 year and 5
years, respectively. One of the disadvantages of raising the height of the tower is the
rise in the mass of the tower structure which would be added to the entire system mass.
However, increasing the tower height also reduces the mass of the battery by 104 kg to
105 kg. Furthermore, high towers can also be utilized for wireless power transmission
using RF and lasers, as well as for lighting and communication within the base. The
potential of grouping multiple units that consume power into several sections, with each
section having its own PV-battery unit to form a MMG was also investigated. It was
noted that the entire mass of the PV-battery system accounting for only the mass of
the PV array and battery, taking into consideration the MMG design is almost similar
to the single MG design. In addition, a MPUL criterion was proposed to determine
the location serving the greatest total power consumption with minimal overall system
weight.
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Chapter 3: Energy management sys-
tem for lunar MG

This chapter enlightens the importance of having efficient operation management and
EMS of the base, taking into consideration several interacting subsystems of the base.
The chapter explores the problem statement and the proposed solution in the introduc-
tion section. The rest of the chapter presents the proposed model for interaction among
multiple subsystems for the safe operation of the base, the proposed optimization frame-
work to determine the profile of power demand of the base, the proposed optimization
framework to obtain the operation management, and EMS of the base, the results of the
optimization and the comparison of several sites in close proximity of the lunar south
pole.

3.1 Introduction
In Table 2.2 of Chapter 2, it was considered that each power-consuming unit in the base
has two states of power, namely, active and survival. Each power-consuming unit is
considered to consume a constant level of power throughout its active or survival state
of operation. Typically, a similar strategy is used while calculating the power budget
of the space mission, where the power consumption of multiple power-consuming units
is taken to be at a fixed average or maximum required power. However, most of the
power-consuming units in a subsystem consume power depending on their rate and
mode of operation. For instance, the power demand of the power-consuming units to
maintain the artificial atmosphere depends on the consumption rate of several gases in
the habitat. In a base, there are multiple subsystems that operate in tandem to maintain
the ECLSS. There are also several interacting subsystems in the base, such as habitat,
water, biomass production, and ISRU, among others. For instance, the production of
oxygen and water in the ISRU depends on the oxygen and water requirement of the
habitat. Along with ISRU, the biomass production subsystem can also supply oxygen
for the crew members utilizing the photosynthetic photon flux (PPF) provided to the
plants. The plants in the biomass production subsystem can also make use of the carbon
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dioxide produced by the crew members. In addition, in a resource-scarce environment
like space, recycling resources plays an important role. The wastewater produced in the
base can also be filtered for reuse by the crew members. Thus, the power demand of
the base is determined by the rate of oxygen and water consumption in the habitat,
rate of PPF, oxygen production and carbon dioxide consumption rates by the plants,
and wastewater production rate by the crew members, among others. Therefore, the
operation mode and rate of several interacting subsystems in the base affect the power
demand of the base.

Moreover, in low and medium Earth orbits-space missions, it is possible to communi-
cate instantly with the ground stations. As space expeditions venture deeper into space,
transmitting communication and command signals from ground stations is significantly
delayed or even get hindered by celestial bodies, in case of which the information needs
to be transmitted via a satellite, resulting in additional delay [55, 59, 66]. Even a slight
delay of just a few milliseconds can have disastrous consequences for a space mission. In
present days, the processing of large amounts of data is incredibly fast, which allows us
to automatically decide and take action within a few milliseconds. Self-governing sys-
tems can quickly adjust to an unpredictable and rapidly altering environment in space.
The newer generation spacecraft models, such as Dragon and Starship by SpaceX and
Orion by NASA, have the ability to operate independently in carrying out space mis-
sions involving humans or cargo. Therefore, developing an APC for space MGs on the
Moon is essential to guarantee a secure and reliable operation of the base.

In an interaction of several subsystems, the APC can coordinate the power and op-
eration management of the base by scheduling the operating mode and rate of several
interacting power-consuming units. An architecture to implement APC for spacecraft
is proposed in [55, 59, 60] having three different levels for managing diverse problems,
namely, vehicle manager, subsystem, and reactive levels. A similar approach is im-
plemented in hierarchical control structure (HCS) for terrestrial MGs, where the three
levels are called tertiary, secondary and primary. The vehicle manager and tertiary level
are the topmost control levels of APC and HCS, respectively. Similar to the tertiary
level, the vehicle manager is accountable for planning, scheduling and operating several
subsystems with information on their power demand during specific time intervals.

In this chapter, the interaction among several subsystems for maintaining the oxygen
and water requirement of the base is considered and an optimization framework for the
optimal operation management of several interacting subsystems is proposed. The rest
of the chapter is arranged as follows. The interaction within the various subsystems of
the base for oxygen and water management of the base are discussed in Section 3.2. An
optimization framework for generating the optimal power demand profile for ISRU is
proposed in Section 3.3. The optimal sizing and operation management of MGs based
on PV arrays and battery for the base is proposed in Section 3.4. The selection of sites
based on the MPUL criteria is discussed in Section 3.5. Finally, Section 3.6 concludes
the chapter with remarks.
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Fig. 3.1: Interacting subsystems for gases and water management in the base

3.2 Interacting subsystems for oxygen and water man-
agement

In a lunar base, there are several subsystems to maintain the ECLSS of the base. The
oxygen and water management in the base includes managing the production of oxygen
and water in the ISRU, consumption of oxygen and water in the habitat, production of
oxygen in the biomass subsystem, wastewater production in the habitat, and production
of freshwater from the wastewater filtration system in the wastewater subsystem, among
others. Fig. 3.1 shows the interacting subsystems for operation management in the base.

The ISRU is accountable for producing water from the lunar regolith, which under-
goes electrolysis to produce oxygen and hydrogen [9, 10]. The oxygen and water are
assumed to be stored in tanks for later use in the base. It is desired to use hydrogen as
a propellant for spacecraft and is not shown in the Fig. 3.1 as it is not used in the base.
The process of producing oxygen and water requires the intake of regolith, perform-
ing catalyzed hydrogen reduction reaction and electrolysis of water, which consumes
electrical power [10, 66]. The rate at which regolith is taken by the ISRU determines
its operation rate and power consumption profile. The optimal profile of power con-
sumption by the ISRU for producing the required oxygen and water is explored more
thoroughly in Section 3.3. The total power demand profile of the ISRU includes power
for running several other systems in the ISRU, which are discussed in Section 3.4.1.

The oxygen and water in the storage tanks of ISRU are used in biomass and habitat
subsystems by the plants and crew members, respectively, as depicted in Fig. 3.1. It is
presumed that the biomass and habitat subsystems consist of oxygen and water storage
tanks which are transferred from the respective storage tanks of ISRU. Other than
oxygen, there is another storage tank for carbon dioxide in both the biomass and habitat
subsystems. The carbon dioxide that is released by the crew members is used by the
plants in the biomass subsystem through the storage tanks. The artificial atmosphere
consists of several other gases such as nitrogen, argon, and traces of other gases [67],
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Table 3.1: Specification of the installed sensors at MPP

Parameter Value
Supply Voltage 110 V to 230/240 V
Supply frequency 50/60 Hz
Maximum Measurement 120 A
Operating temperature −40◦/− 20◦C to 20◦C
RF output power 1 to 12 mW
Radio protocol Wi-Fi 802.11 b/g/n
Radio frequency 2412 − 2472 MHz

Outdoors - up to 50 mOperating range Indoors - up to 30 m
Self-power consumption < 1 W

Fig. 3.2: Architecture of the data collection for energy consumption of the MPP

which are not considered in the modeling of the interacting subsystems in this thesis.
Identification of the rate of oxygen, carbon dioxide, and water usage by various

plants in the biomass production subsystem to produce food is still under laboratory
tests. Such a testing facility called Micro-Ecological Life Support System Alternative
(MELiSSA) pilot plant that is established by ESA in collaboration with Universitat
Autònoma de Barcelona, Spain. The MELiSSA pilot plant (MPP) is a self-sustainable
closed ecological LSS to maintain the artificial environment and provide recycled water
and food without any exchange of resources (except energy) from outside the loop. The
plants are also provided with various PPF varying the composition and intensity of
artificial lights to investigate the effect of lighting conditions on the growth, consump-
tion of gases and water, and production of gases by the plants. Power is consumed
to maintain the artificial lighting conditions and an environment composed of several
gases. Developing a complete model of power and energy consumption of the biomass
production subsystem to maintain the artificial lighting conditions and environment is
under investigation by the author and is not considered as a part of the interacting
subsystems of the base in this thesis.

To develop the model, several sensors have been installed in the MPP to measure the
power requirement of several devices and to monitor the energy required for different
processes and conditions. The sensors collect several data, such as the voltage, current,
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(a)

(b)

Fig. 3.3: (a) Instantaneous power (b) voltage supplied to one of the pumps at standby mode in MPP
for one day

instantaneous power, power factor, and energy consumption, among others, of different
pumps, motors, and auxiliary equipment required for the operation of the plant. Some
of the specifications of the sensors are listed in Table 3.1. The data is communicated
over WiFi to the router connected to the server installed at the plant. The collected
data is stored locally on the server. From the server, the data can also be downloaded
on the server installed at the IoT house laboratory at AAU Energy, Aalborg University
(AAU), Denmark. The complete architecture of collecting the data is shown in Fig. 3.2.
The power and voltage supplied to one of the pumps in standby mode of operation
for one day are shown in Fig. 3.3. The collected data is used for the development of
the power demand model for the biomass production subsystem to be integrated into
the model of other interacting subsystems of the base. This is ongoing research by the
author, and its time schedule is beyond the time horizon of this thesis.

In the habitat, different gases are transferred from the respective storage tanks to
maintain a safe level of gas pressure and composition. In the current design, it is
assumed that the biomass production subsystem is the only subsystem that consumes
carbon dioxide produced in the habitat. In this thesis, the carbon dioxide cycle is not
taken into account and will not be further discussed. A simplified block diagram of
several interacting subsystems is shown in Fig. 3.4. The crew members consume oxygen
for their daily activities from the habitat oxygen storage tank (see Section 3.3.1 for
more details). Water is also used for drinking and several other purposes in the habitat,
and the produced wastewater is filtered in the wastewater subsystem. The wastewater
subsystem stores the filtered water in a tank which is resupplied in the habitat for
further use. The system for managing the water resources of the base is further discussed
in Section 3.3.2. The consumption rates of oxygen and water, along with the wastewater
generation and filtration rates, determine the rate at which oxygen and water must be
transferred to the respective storage tanks of the habitat. The habitat is also equipped
with several other power-consuming devices, which are required for LSS of the crew
members and the operation of the base. The power demand of the habitat is discussed
in detail in Section 3.4.2.
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Fig. 3.4: Simplified interaction of subsystems for oxygen and water management in the base

3.3 ISRU optimal power demand profile
The authors of [10] propose the model to determine the power demand of ISRU for
producing oxygen and water from lunar regolith. The process involves scooping, trans-
porting, vibrating, magnetically separating and transferring the ilmenite from the re-
golith to the reactor. Catalyzed hydrogen reduction reaction in the reactor produces
water which undergoes electrolysis to generate oxygen. Electrical power is utilized for
the process of electrolysis and for the motors to scoop, transport, vibrate, magnetically
separate, and transfer the ilmenite to the reactor. The reactors required thermal power
to perform the reduction reaction. Thermal power can be supplied from the energy of
the Sun utilizing concentrators to gather sunlight and guide them using optical waveg-
uides [37–39]. However, in this study, it is assumed that electrical heaters provide the
required thermal power consuming electrical power [10, 21]. Therefore, the thermal
power and the electrical power are combined together to determine the total power con-
sumption of the ISRU, as shown in Fig. 3.5 [66]. From Fig. 3.5, it can be observed that
the rate at which water and oxygen are produced increases linearly with the increase
in the rate of ilmenite replenished in the reactor (Vir) from 0 to 1. It is worth noticing
that both water and oxygen are generated at any given rate of regolith intake. The
rate at which water is produced is always higher than the rate of oxygen production, as
shown in Fig. 3.5. With the increase of Vir, the total power consumption of ISRU also
increases, and at intake rates more than 0.75, the total power demand of the ISRU is
more than 103 kW . A large PV-battery system is necessary to meet such a high demand
for power, and installing such a huge power generation and storage system can prove
to be difficult. Therefore, the maximum power consumption of the ISRU is restricted
by limiting the maximum Vir, fulfilling oxygen and water requirements of the base [66].
The oxygen and water produced by the ISRU are consumed in the habitat, as discussed
in the following subsections.

3.3.1 Maintaining artificial atmosphere in habitat
To support the life of crew members, it is crucial to maintain the pressure, temperature,
humidity, and composition of gases. This study focuses solely on monitoring and con-
trolling the levels of oxygen pressure and concentration within the habitat. The level
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Fig. 3.5: ISRU power demand of ISRU and production rate of oxygen and water with different rates
of ilmenite intake (Vir) [66]. Inset figure: Vir varying from 0 to 0.1.

Table 3.2: Daily activity schedule of crew members and oxygen consumption rate of one crew member
for each activity [66, 68, 69]Table 3-25 (p. 49) of [68]

Time (h) Activity Oxygen consumption
(g/min)

00:01 - 06:00 Sleep 0.37
06:01 - 07:00 Post sleep task–Nominal 0.59
07:01 - 08:00 Exercise 3.99
08:01 - 09:00 Exercise recovery 0.59
09:01 - 21:00 Nominal 0.59
21:01 - 22:00 Pre-sleep task–Nominal 0.59
22:01 - 00:00 Sleep 0.37

Table 3.3: Habitat atmosphere pressure and composition [68]

Pressure (kPa) Concentration (%)Component Lower Nominal Upper Nominal
Oxygen 20.7 21.2 50.6 20.9
All gases 48.0 70.3 102.7 100.0

of oxygen in the habitat depends on the several tasks performed by the crew members
during the day. To preserve the health of the crew members during their stay in space,
it is recommended that crew members get sleep of 8 h, engage in aerobic exercises of
1 h, take 1 h for exercise recovery, and spend 13.5 h on nominal other activities [66, 68].
A schedule for each of these daily activities and the oxygen consumption rate for each
of these activities is listed in Table 3.2 [66, 68, 69]. Using Table 3.2, the daily oxy-
gen consumption profile for four crew members in the habitat is generated as shown
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Fig. 3.6: Daily oxygen usage profile by a team of four crew members [69]

in Fig. 3.6 [66, 69]. In this study, the mission is considered to be 708 h long, which
is approximately 1 lunar month. The oxygen consumption profile of the habitat for
the whole duration of the mission is formed by repeating the daily oxygen consumption
profile shown in Fig. 3.6.

The Ideal Gas Law (pV = nRT ) is utilized to regulate the required level of pres-
sure and concentration of oxygen in the habitat. NASA human research program has
developed a facility called Human Exploration Research Analog (HERA) for carrying
out analog missions to experiment on isolation and other conditions during space ex-
ploration. The HERA consists of four chambers, namely, core, loft, airlock and hygiene
module, which has a total volume of 148.6 m3 and maintains a temperature of 295.37 K,
which is also taken into consideration in this study. Table 3.3 lists the oxygen pressure
and concentration considered in this study. The amount of oxygen consumption and
infusion in the habitat is measured as n mols and Algorithm 1 [66] maintains the re-
quired pressure and concentration of oxygen in the habitat. The Oout

2 determines the
amount of oxygen that is consumed in the base, which is translated in terms of nout

O2
.

The amount of nin
O2

infused in the habitat is calculated by comparing pV err
O2

, ThabO2
,

and Oinmax
2 .

The habitat oxygen tank fulfills the oxygen consumption in the habitat which is
refilled from the ISRU oxygen tank as shown in Fig. 3.4. Algorithm 2 [66] transfers the
required amount of oxygen from the oxygen tank of ISRU to habitat after comparing
the T err

habO2
, Tmin

ISRUO2
, and Omax

2ISRU−hab
.

3.3.2 Water management system in habitat
Supplying the required amount of water in the habitat is as crucial as maintaining the
oxygen levels in the habitat. The water in the habitat is used from the habitat water
tank several purposes such as drinking, rehydrating the food, maintaining personal
hygiene and showering, urine, and urinal flush, among others [66, 68, 69] which generates
wastewater. The amount of water consumption and wastewater generation by one crew
member for several activities in the habitat is listed in Table 3.4 [66, 68–70]. The water
consumption, wastewater and urine wastewater generation profile by four crew members
in the habitat following the schedule of daily activities as listed in Table 3.5 is shown
in Fig. 3.7a, Fig. 3.7b, and Fig. 3.7c, respectively.
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Algorithm 1 Proposed algorithm for maintaining the desired level of pV of oxygen in
the habitat [66]

Input: CM , Oout
2 , pVO2 , pV ref

O2
, T

hab
ref
O2

, Oinmax
2 , T min

habO2
, MO2

Set: ∆m = 1min
nout

O2 = Oout
2 /MO2

pV err
O2 = pV ref

O2
− pVO2

if pV err
O2 > 0 then

nin
O2 = pV err

O2 / (RT ∆m)
Oin

2 = nin
O2 MO2

if ThabO2
−

(
Oin

2 ∆m

)
> T min

habO2
and Oin

2 < Oinmax
2 then

ThabO2
= ThabO2

−
(
Oin

2 ∆m

)
pVO2 = pVO2 − nout

O2 RT ∆m + nin
O2 RT ∆m

else if ThabO2
−

(
Oin

2 ∆m

)
≤ T min

habO2
and Oin

2 < Oinmax
2 then

Oin
2 =

(
ThabO2

− T min
habO2

)
/∆m

ThabO2
= ThabO2

−
(
Oin

2 ∆m

)
nin

O2 = Oin
2 /MO2

pVO2 = pVO2 − nout
O2 RT ∆m + nin

O2 RT ∆m

else if ThabO2
−

(
Oin

2 ∆m

)
> T min

habO2
and Oin

2 ≥ Oinmax
2 then

Oin
2 = Oinmax

2
ThabO2

= ThabO2
−

(
Oin

2 ∆m

)
nin

O2 = Oin
2 /MO2

pVO2 = pVO2 − nout
O2 RT ∆m + nin

O2 RT ∆m

else if ThabO2
−

(
Oin

2 ∆m

)
≤ T min

habO2
and Oin

2 ≥ Oinmax
2 then

Oin
2 =

(
ThabO2

− T min
habO2

)
/∆m

ThabO2
= ThabO2

−
(
Oin

2 ∆m

)
nin

O2 = Oin
2 /MO2

pVO2 = pVO2 − nout
O2 RT ∆m + nin

O2 RT ∆m

else
Oin

2 = 0
nin

O2 = Oin
2 /MO2

pVO2 = pVO2 − nout
O2 RT ∆m + nin

O2 RT ∆m

else
Oin

2 = 0
pVO2 = pVO2 − nout

O2 RT ∆m

The Fig. 3.4 shows that individual tanks are used to store the wastewater produced
within the habitat. To promote recycling of resources within the base and reduce the
dependency on the water produced from the ISRU, wastewater is to be filtered using
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Algorithm 2 Proposed algorithm to transfer oxygen from ISRU oxygen tank to the
crew habitat oxygen tank [66]

Input: TISRUO2
, T min

ISRUO2
, T ref

habO2
, ThabO2

, Omax
2ISRU−hab

Set: ∆h = 1h
T err

habO2
= T ref

habO2
− ThabO2

O2ISRU−hab = T err
habO2

/∆h

if T err
habO2

> 0 and O2ISRU−hab ≤ Omax
2ISRU−hab

and
(
TISRUO2

−
(
O2ISRU−hab

/
103)

∆h

)
≥

T min
ISRUO2

then
TISRUO2

= TISRUO2
−

((
O2ISRU−hab

/
103)

∆h

)
ThabO2

= ThabO2
+

(
O2ISRU−hab ∆h

)
else if T err

habO2
> 0 and O2ISRU−hab ≤ Omax

2ISRU−hab
and(

TISRUO2
−

(
O2ISRU−hab

/
103)

∆h

)
< T min

ISRUO2
then

O2ISRU−hab =
((

TISRUO2
− T min

ISRUO2

)
× 103

)
/∆h

TISRUO2
= TISRUO2

−
((

O2ISRU−hab

/
103)

∆h

)
ThabO2

= ThabO2
+

(
O2ISRU−hab ∆h

)
else if T err

habO2
> 0 and O2ISRU−hab > Omax

2ISRU−hab
and(

TISRUO2
−

(
O2ISRU−hab

/
103)

∆h

)
≥ T min

ISRUO2
then

TISRUO2
= TISRUO2

−
((

Omax
2ISRU−hab

/
103)

∆h

)
ThabO2

= ThabO2
+

(
Omax

2ISRU−hab
∆h

)
else if T err

habO2
> 0 and O2ISRU−hab > Omax

2ISRU−hab
and(

TISRUO2
−

(
O2ISRU−hab

/
103)

∆h

)
< T min

ISRUO2
then

O2ISRU−hab =
((

TISRUO2
− T min

ISRUO2

)
× 103

)
/∆h

TISRUO2
= TISRUO2

−
((

O2ISRU−hab

/
103)

∆h

)
ThabO2

= ThabO2
+

(
O2ISRU−hab ∆h

)
appropriate filtration techniques to generate freshwater for further use in the habitat.
A new process of filtering wastewater, called the alternative water processor (AWP), is
being developed to substitute the existing water recovery system (WRS) on the ISS for
extended duration of space exploration missions [71–73]. The WRS is equipped with
urine processor assembly (UPA) to process the pretreated urine wastewater to produce
distillate which goes into water processor assembly (WPA) for further processing along
with the rest of the wastewater as shown in Fig. 3.8 [66, 74]. The UPA and WPA have
a power consumption of 315 Wh/h and 320 Wh/h, respectively, during their period of
operation. Additionally, other control modules require 108 Wh/h of power, resulting in
a total maximum power consumption of 743 Wh/h when the whole WRS is operational.
In the standby mode, the entire WRS consume a power of 297 Wh/h [75]. The WRS
is assumed to have the ability to treat 2.5 kg/h of urine and latent wastewater with a
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Table 3.4: Rates of water consumption and wastewater generation for various activities by one crew
member. [66, 68–70]Table 4-20 (p. 72), Table 4-21 (p. 73)] of [68]

Water consumption (kg/day) Wastewater generation (kg/day)
Activity Amount Activity Amount

Drinking (DW) 2.00 Urine 1.50
Food rehydration (FR) 0.50 Oral hygiene 0.37
Urinal flush (UF) 0.50 Hand wash 4.08
Personal hygiene (PH) 0.40 Shower 1.08
Shower (SH) 1.08 Crew latent humidity condensate 2.27

Table 3.5: Daily schedule of activities followed by the crew members for consumption of water and
wastewater generation [66, 69, 70]

Time (h) Activity
00:01 - 06:00 None
06:01 - 07:00 DW+PH+UF+FR+SH or DW+PH+UF+FR
07:01 - 08:00 None
08:01 - 09:00 DW
09:01 - 12:00 None
12:01 - 13:00 DW+PH+UF+FR
13:01 - 15:00 None
15:01 - 16:00 DW+UF
16:01 - 18:00 None
18:01 - 19:00 DW+PH+UF+FR or DW+PH+UF+FR+SH
19:01 - 21:00 None
21:01 - 22:00 DW+PH+UF
22:01 - 00:00 None

(a)

(b)

(c)

Fig. 3.7: Daily (a) consumption of water, (b) generation of wastewater, and (c) generation of urine
wastewater profiles for four crew members



64 Chapter 3. Energy management system for lunar MG

Fig. 3.8: General block diagram of WRS to recover water from the wastewater in the ISS

recovery rate of around 81% of the input [66, 75]. Algorithm 3 [66, 70] proposes the
algorithm to filter wastewater using the WRS to produce freshwater. The operation of
WRS depends on the current levels of TUF , TW W , and TF W and their respective desired
levels of T ref

UF , T ref
W W , and T ref

F W .
The habitat water tank fulfills the consumption of water within the habitat which is

refilled from both the ISRU water tank and freshwater tank in the wastewater subsystem
as depicted in Fig. 3.4. Algorithm 4 proposes the methodology to resupply the water
from the ISRU and freshwater tank in the wastewater subsystem. The algorithm com-
pares the T err

habH2O
, Wmax

F Wout
, Tmin

F W , Wmax
ISRUH2Oout

, and Tmin
ISRUH2O

to transfer freshwater
from either or both of ISRU and freshwater tank in the wastewater subsystem. In this
algorithm, utilizing the filtered water stored in the wastewater subsystem is emphasized
rather than depending on the ISRU water storage tank.

3.3.3 Proposed power demand profile optimization algorithm
The operation of the ISRU is managed in the tertiary level controller of the APC. It
ensures the safe operation of the base by supplying the required amount of power at
the time of need and maintaining a safe amount of oxygen and water in the respective
tanks of both ISRU and habitat. The proposed optimization framework considers the
required oxygen and water levels in the respective reservoirs of both ISRU and habitat
and determines the optimal power demand of the ISRU. The Sun illumination time-
series profile is considered to determine the available power at the candidate location
using the methodology proposed in [19]. The proposed optimization function is given
as [66]:

J
(
Vir, O

max
2ISRU−hab

,Wmax
F Wout

,Wmax
ISRUout

)
=(

T ref
ISRUO2

− TISRUO2

)
+

(
T ref

habO2
− ThabO2

)
+

(
T ref

ISRUH2O
− TISRUH2O

)
+

(
T ref

habH2O
− ThabH2O

)
(3.1)

The oxygen to the habitat oxygen tank is supplied from the ISRU oxygen tank fol-
lowing Algorithm 2. The water to the water tank of the habitat is supplied from both
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Algorithm 3 Proposed wastewater and urine wastewater filtration algorithm and pro-
duce freshwater [66, 70]

Input: TUF , T ref
UF , T min

UF , TW W , T ref
W W , T min

W W , TF W , T max
F W , T ph

W RS

Set: ∆h = 1h
T err

UF = T ref
UF − TUF

T err
W W = T ref

W W − TW W

T err
F W = T ref

F W − TF W

CW RS = 0.81 ×
(
T ph

W RS∆h

)
if P avail

W ≥ 743 and TUF > T min
UF and TUF ≥

(
T ph

W RS∆h

)
and T err

UF < 0 and TW W > T min
W W

and TW W ≥
(
T ph

W RS∆h

)
and T err

W W < 0 and (TF W + CW RS) ≤ T max
F W and T err

F W > 0 then
CUF = (T err

UF /(T err
UF + T err

W W )) ×
(
T ph

W RS∆h

)
CW W = (T err

W W /(T err
UF + T err

W W )) ×
(
T ph

W RS∆h

)
TUF = TUF − CUF

TW W = TW W − CW W

W Wtotal = CUF + CW W

CF W = 0.81 × W Wtotal

TF W = TF W + CF W

PW = 320 + 315 + 108
else if P avail

W ≥ 743 and TUF > T min
UF and TUF ≥

(
T ph

W RS∆h

)
and T err

UF < 0 and
(TF W + CW RS) ≤ T max

F W and T err
F W > 0 then

CUF = T ph
W RS∆h

TUF = TUF − CUF

W Wtotal = CUF

CF W = 0.81 × W Wtotal

TF W = TF W + CF W

PW = 320 + 315 + 108
else if P avail

W ≥ 428 and TW W > T min
W W and TW W ≥

(
T ph

W RS∆h

)
and T err

W W < 0 and
(TF W + CW RS) ≤ T max

F W and T err
F W > 0 then

CW W = T ph
W RS∆h

TW W = TW W − CW W

W Wtotal = CW W

CF W = 0.81 × W Wtotal

TF W = TF W + CF W

PW = 320 + 108
else

CUF = 0
CW W = 0
W Wtotal = CUF + CW W

CF W = 0.81 × W Wtotal

PW = 297
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Algorithm 4 Proposed algorithm to refill water from water tanks of the ISRU and
freshwater tanks to the water tank of the habitat [66, 70]

Input: ThabH2O , T ref
habH2O

, TF W , T min
F W , TISRUH2O , T min

ISRUH2O
, W max

F Wout
, W max

ISRUH2Oout

Set: ∆h = 1h
T err

habH2O
= T ref

habH2O
− ThabH2O

if T err
habH2O

> 0 and TF W > T min
F W then

if T err
habH2O

<
(
W max

F Wout
∆h

)
and

(
TF W − T err

habH2O

)
> T min

F W then
T OTH2Oout = T OTH2Oout + T err

habH2O

TF W = TF W − T err
habH2O

else if T err
habH2O

<
(
W max

F Wout
∆h

)
and

(
TF W − T err

habH2O

)
≤ T min

F W then

T OTH2Oout = T OTH2Oout +
(
TF W − T min

F W

)
TF W = T min

F W

else if T err
habH2O

≥
(
W max

F Wout
∆h

)
and

(
TF W −

(
W max

F Wout
∆h

))
> T min

F W then
T OTH2Oout = T OTH2Oout +

(
W max

F Wout
∆h

)
TF W = TF W −

(
W max

F Wout
∆h

)
else if T err

habH2O
≥

(
W max

F Wout
∆h

)
and

(
TF W −

(
W max

F Wout
∆h

))
≤ T min

F W then
T OTH2Oout = T OTH2Oout +

(
TF W − T min

F W

)
TF W = T min

F W

T err
habH2O

= T err
habH2O

− T OTH2Oout

if T err
habH2O

> 0 and TISRUH2O > T min
ISRUH2O

then

if T err
habH2O

<
(

W max
ISRUH2Oout

∆h

)
and

(
TISRUH2O − T err

habH2O

)
> T min

ISRUH2O
then

T OTH2Oout = T OTH2Oout + T err
habH2O

TISRUH2O = TISRUH2O − T err
habH2O

else if T err
habH2O

<
(

W max
ISRUH2Oout

∆h

)
and

(
TISRUH2O − T err

habH2O

)
≤ T min

ISRUH2O
then

T OTH2Oout = T OTH2Oout +
(

TISRUH2O − T min
ISRUH2O

)
TISRUH2O = T min

ISRUH2O

else if T err
habH2O

≥
(

W max
ISRUH2Oout

∆h

)
and

(
TISRUH2O −

(
W max

ISRUH2Oout
∆h

))
>

T min
ISRUH2O

then

T OTH2Oout = T OTH2Oout +
(

W max
ISRUH2Oout

∆h

)
TISRUH2O = TISRUH2O −

(
W max

ISRUH2Oout
∆h

)
else if T err

habH2O
≥

(
W max

ISRUH2Oout
∆h

)
and

(
TISRUH2O −

(
W max

ISRUH2Oout
∆h

))
≤

T min
ISRUH2O

then

T OTH2Oout = T OTH2Oout +
(

TISRUH2O − T min
ISRUH2O

)
TISRUH2O = T min

ISRUH2O

ThabH2O = ThabH2O + T OTH2Oout
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Table 3.6: Decision variables and bounds

Decision variables Vir Omax
2ISRU−hab

(g) W max
F Wout

(kg) W max
ISRUout

(kg)
Lower bound 0 0 0 0
Upper bound 0.05 500 5 10

Algorithm 5 Proposed optimization framework to determine the power demand of
ISRU

Input: TH , CM , V , pVO2 , pV min
O2 , pV max

O2 , T ref
habO2

, T min
habO2

, T max
habO2

, T ref
ISRUO2

, T min
ISRUO2

,
T max

ISRUO2
, T ref

habH2O
, T min

habH2O
, T max

habH2O
, T ref

ISRUH2O
, T min

ISRUH2O
, T max

ISRUH2O
, Latitude and longi-

tude of the candidate site
Step 1: Create Sun illumination time-series profile using [19]
Step 2: Create consumption profile of oxygen and water, and wastewater production profile
using Table 3.2, and Table 3.4, respectively
Step 3: Minimize the optimization function in eq. (3.1) subjected to pV min

O2 ≤ pVO2 ≤
pV max

O2 and running Algorithm 1 every minute and Algorithm 2, Algorithm 3, Algorithm 4
every hour

the water tank of the ISRU and the freshwater tank in the wastewater subsystem fol-
lowing Algorithm 4. It is noteworthy that regolith intake in the ISRU results in the
production of both water and oxygen. Therefore, hourly Vir is the decision variable to
produce oxygen and water and store them in the respective tanks of ISRU to maintain
the intended storage levels of TISRUO2

and TISRUH2O
. The decision variable Omax

2ISRU−hab

regulates the highest rate of oxygen transfer from ISRU to habitat oxygen tank in Al-
gorithm 2. Wmax

F Wout
is the decision variable for regulating the highest rate of freshwater

supply to the water tank of the habitat from the freshwater tank of the wastewater
subsystem in Algorithm 4. The hourly Wmax

ISRUout
is the decision variable for regulating

the highest rate of resupplying the water from the water tank of the ISRU to habitat
in Algorithm 4. The maximum and minimum bounds of each of the decision variables
are mentioned in Table 3.6. The optimal hourly power demand profile of ISRU is de-
termined from the hourly optimal Vir profile which produces the required oxygen and
water for the base.

The entire optimization framework with its steps is described in Algorithm 5. The
framework receives all the necessary parameters and keeps iterating until it reaches an
optimal outcome. Algorithm 1 executes every minute to regulate the necessary pVO2

levels in the habitat. Algorithm 2, Algorithm 3, and Algorithm 4 executes every hour
to regulate the appropriate levels of respective oxygen and water tanks in the both the
ISRU and habitat.
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Table 3.7: Assumed levels of several tanks and habitat pVO2 in the base

Tank Minimum Initial Reference Maximum
TISRUO2

[kg] 25 50 200 250
TISRUH2O

[kg] 50 50 1.125 × T ref
ISRUO2

250
ThabO2

[g] 500 5 × 104 5.4 × 104 1 × 105

ThabH2O
[kg] 10 100 500 600

TUF [kg] 0 0 50 500
TW W [kg] 0 0 50 500
TF W [kg] 50 0 900 1000
pVO2 [Pa.m3] 6.50 × 105 6.56 × 105 6.56 × 105 6.62 × 105

3.3.4 Simulation results and discussion
The optimization framework determines the optimal power demand profile of ISRU
by maintaining the desired oxygen and water level in the respective tanks of ISRU
and habitat. The ‘interior-point’ algorithm in the MATLAB-fmincon toolbox is used
to find the solution to the non-linear optimization problem. The daily consumption
profiles of oxygen and water, wastewater and urine wastewater generation profile as
shown in Fig. 3.6, Fig. 3.7a, Fig. 3.7b, and Fig. 3.7c, respectively, are extended by
repeating them for the entire optimization horizon of 708 h. The optimization takes
into account the sun illumination time-series profile at site #1 (longitude 222.6627◦

and latitude −89.4511◦ from Table 1.3) for a duration of 708 h (= 1 lunar month).
Fig. 3.9a shows the generated PV power profile with PV arrays on top of towers with
10 m height for an array area of 300 m2. There are several duration when the PV power
is not available. The operation of regolith intake is stopped during these periods with
no power generation, as shown in Fig. 3.9b to reduce the power consumption from the
battery. In this time period, oxygen and water are not produced from the ISRU and
only the survival power is supplied to the ISRU as shown in Fig. 3.9c.

The minimum, initial, desired and maximum levels of several tanks are listed in Ta-
ble 3.7. The T ref

ISRUH2O
is set to 1.125 × T ref

ISRUO2
as the amount of water produced by

ISRU is 1.125 times greater compared to the amount of oxygen produced using the same
Vir. Initially, Vir reaches its maximum allowable limit of 0.05 as restricted in Table 3.6
to reach the required levels of oxygen and water in the respective tanks of ISRU as
shown in Fig. 3.9d and Fig. 3.9g, respectively. Therefore, the power demand of ISRU is
also higher, as shown in Fig. 3.9c. However, as soon as the required levels of oxygen and
water are reached in the respective ISRU tanks, the Vir and the power consumed by the
ISRU are reduced despite the availability of PV power. Throughout the optimization
period, an increase in power consumption of ISRU is again observed a few hours before
the dark periods so as to prepare the oxygen and water tanks of the ISRU (see Fig. 3.9e
and Fig. 3.9h) as the oxygen and water will not be produced during the dark period
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when power from PV array is not generated. An increase in the power consumption
of ISRU is also observed after the periods of no PV power generation to increase the
production of oxygen and water to reach the desired level of the respective tanks in the
ISRU. The amount of oxygen transfer from the oxygen tank of ISRU to the habitat is
shown in Fig. 3.9f, which is in accordance with the profile of daily oxygen usage of the
habitat.

The water in the water tank of the habitat is supplied from the freshwater tank of
the wastewater subsystem and the water tank of the ISRU. During the first few hours
of operation, the amount of water in the habitat water tank reduces (see Fig. 3.9i) as
there is no supply of water from either freshwater tank or ISRU water tank as observed
in Fig. 3.9k and Fig. 3.9l, respectively. The amount of freshwater is observed to be at
0 kg during the first few hours of operation in Fig. 3.9j as the TUF and TW W have
not yet reached the T ref

UF and T ref
W W , respectively, and the WRS is in standby operation

mode. The freshwater tank in the wastewater subsystem starts filling when the filtration
process starts in WRS. The freshwater tank starts supplying water to the water tank of
the habitat once the TF W reaches Tmin

F W as observed by comparing Fig. 3.9j and Fig. 3.9k.
The ISRU water tank supplies water to the water tank of the habitat once the TISRUH2O

is close to T ref
ISRUH2O

as observed by comparing Fig. 3.9h and Fig. 3.9l.
The level of stored oxygen in the habitat oxygen tank, ThabO2

, reaches the desired
level within the first few hours of operation as shown in Fig. 3.10a. Taking into account
that the maximum and minimum pressure of oxygen in the habitat is at 21.4 kPa
and 21 kPa, respectively, the pVO2 stays between the pV max

O2
and pV min

O2
as shown

in Fig. 3.10b. Fig. 3.10c and Fig. 3.10d shows that the pressure and concentration level
of oxygen inside the habitat is regulated to remain roughly at the standard level of
21.2 kPa and 20.9%, respectively. The ThabO2

, pVO2 , pressure, and concentration level
of oxygen also follow the daily oxygen consumption profile of the habitat where the
sudden decrease in levels is due to the heavy consumption of oxygen during exercise
sessions of the crew members.

From the simulation results, it can be concluded that the proposed optimization
framework produces an optimal profile of optimal power consumption by the ISRU, as
shown in Fig. 3.9c, by keeping the amount of oxygen and water of the respective ISRU
and habitat tanks at the desired level. It was observed from Fig. 3.9c that 4.086 kW ,
25.144 kW , and 76.267 kW , are the minimum, average, and maximum power demand
of ISRU, respectively. The upper bound of regolith intake rate (Vir) regulates the
maximum power consumption of the ISRU. However, Reducing the upper bound of Vir

would also result in a decline in the highest rates of oxygen and water production and
additional time would be needed to attain the required amount of oxygen and water
levels in the ISRU tank. To control the sudden surges in power and increase resource
utilization, solving a multi-criteria optimization problem taking into account an optimal
trade-off between power demand and tracking efficiency is considered a future focus of
the author.



70 Chapter 3. Energy management system for lunar MG

0 100 200 300 400 500 600 700
0

5

10

P
ow

er
 (

W
) #104

0 100 200 300 400 500 600 700
0

0.01
0.02
0.03
0.04
0.05

R
at

e

0 100 200 300 400 500 600 700
0
2
4
6
8

P
ow

er
 (

W
) #104

0 100 200 300 400 500 600 700

50
100
150
200
250

O
2
 (

kg
)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700

190

200

210

O
2
 (

kg
)

Tank level Tank reference

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

200

400

600

O
2
 r

at
e 

(g
)

(a)
0 100 200 300 400 500 600 700

0

5

10

P
ow

er
 (

W
) #104

0 100 200 300 400 500 600 700
0

0.01
0.02
0.03
0.04
0.05

R
at

e

0 100 200 300 400 500 600 700
0
2
4
6
8

P
ow

er
 (

W
) #104

0 100 200 300 400 500 600 700

50
100
150
200
250

O
2
 (

kg
)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700

190

200

210

O
2
 (

kg
)

Tank level Tank reference

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

200

400

600

O
2
 r

at
e 

(g
)

(b)

0 100 200 300 400 500 600 700
0

5

10

P
ow

er
 (

W
) #104

0 100 200 300 400 500 600 700
0

0.01
0.02
0.03
0.04
0.05

R
at

e

0 100 200 300 400 500 600 700
0
2
4
6
8

P
ow

er
 (

W
) #104

0 100 200 300 400 500 600 700

50
100
150
200
250

O
2
 (

kg
)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700

190

200

210

O
2
 (

kg
)

Tank level Tank reference

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

200

400

600

O
2
 r

at
e 

(g
)

(c)

0 100 200 300 400 500 600 700
0

5

10
P

ow
er

 (
W

) #104

0 100 200 300 400 500 600 700
0

0.01
0.02
0.03
0.04
0.05

R
at

e

0 100 200 300 400 500 600 700
0
2
4
6
8

P
ow

er
 (

W
) #104

0 100 200 300 400 500 600 700

50
100
150
200
250

O
2
 (

kg
)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700

190

200

210

O
2
 (

kg
)

Tank level Tank reference

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

200

400

600

O
2
 r

at
e 

(g
)

(d)

0 100 200 300 400 500 600 700
0

5

10
P

ow
er

 (
W

) #104

0 100 200 300 400 500 600 700
0

0.01
0.02
0.03
0.04
0.05

R
at

e

0 100 200 300 400 500 600 700
0
2
4
6
8

P
ow

er
 (

W
) #104

0 100 200 300 400 500 600 700

50
100
150
200
250

O
2
 (

kg
)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700

190

200

210

O
2
 (

kg
)

Tank level Tank reference

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

200

400

600

O
2
 r

at
e 

(g
)

(e)

0 100 200 300 400 500 600 700
0

5

10

P
ow

er
 (

W
) #104

0 100 200 300 400 500 600 700
0

0.01
0.02
0.03
0.04
0.05

R
at

e

0 100 200 300 400 500 600 700
0
2
4
6
8

P
ow

er
 (

W
) #104

0 100 200 300 400 500 600 700

50
100
150
200
250

O
2
 (

kg
)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700

190

200

210

O
2
 (

kg
)

Tank level Tank reference

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

200

400

600

O
2
 r

at
e 

(g
)

(f)

0 100 200 300 400 500 600 700

50
100
150
200
250

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
215

220

225

230

H
2
O

 (
kg

)

Tank level Tank reference

0 100 200 300 400 500 600 700

200

400

600

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
0

50

H
2
O

 (
kg

)

Tank level Tank minimum

0 100 200 300 400 500 600 700
0

1

2

H
2
O

 (
kg

)

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

0

1

2

H
2
O

 (
kg

)

(g)
0 100 200 300 400 500 600 700

50
100
150
200
250

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
215

220

225

230

H
2
O

 (
kg

)

Tank level Tank reference

0 100 200 300 400 500 600 700

200

400

600

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
0

50

H
2
O

 (
kg

)

Tank level Tank minimum

0 100 200 300 400 500 600 700
0

1

2

H
2
O

 (
kg

)

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

0

1

2

H
2
O

 (
kg

)

(h)

0 100 200 300 400 500 600 700

50
100
150
200
250

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
215

220

225

230

H
2
O

 (
kg

)

Tank level Tank reference

0 100 200 300 400 500 600 700

200

400

600

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
0

50

H
2
O

 (
kg

)

Tank level Tank minimum

0 100 200 300 400 500 600 700
0

1

2

H
2
O

 (
kg

)

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

0

1

2

H
2
O

 (
kg

)

(i)

0 100 200 300 400 500 600 700

50
100
150
200
250

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
215

220

225

230

H
2
O

 (
kg

)

Tank level Tank reference

0 100 200 300 400 500 600 700

200

400

600

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
0

50

H
2
O

 (
kg

)

Tank level Tank minimum

0 100 200 300 400 500 600 700
0

1

2

H
2
O

 (
kg

)

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

0

1

2

H
2
O

 (
kg

)

(j)

0 100 200 300 400 500 600 700

50
100
150
200
250

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
215

220

225

230

H
2
O

 (
kg

)

Tank level Tank reference

0 100 200 300 400 500 600 700

200

400

600

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
0

50

H
2
O

 (
kg

)

Tank level Tank minimum

0 100 200 300 400 500 600 700
0

1

2

H
2
O

 (
kg

)

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

0

1

2

H
2
O

 (
kg

)

(k)

0 100 200 300 400 500 600 700

50
100
150
200
250

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
215

220

225

230

H
2
O

 (
kg

)

Tank level Tank reference

0 100 200 300 400 500 600 700

200

400

600

H
2
O

 (
kg

)

Tank level
Tank reference

Tank minimum
Tank maximum

0 100 200 300 400 500 600 700
0

50

H
2
O

 (
kg

)

Tank level Tank minimum

0 100 200 300 400 500 600 700
0

1

2

H
2
O

 (
kg

)

0 100 200 300 400 500 600 700

Time (in h) (total 708 hours)

0

1

2

H
2
O

 (
kg

)

(l)

Fig. 3.9: (a) Unoptimized PV power profile at site #1 having 300 m2 array area (b) Regolith intake
(Vir) (c) optimal ISRU power consumption profile (d) amount of oxygen in the ISRU oxygen storage
tank (e) zoomed plot of ISRU oxygen storage tank (f) amount of oxygen transfer from ISRU to habitat
oxygen tank (g) amount of water in the ISRU water storage tank (h) zoomed plot of ISRU water storage
tank (i) amount of water in the habitat water storage tank (j) amount of freshwater in the wastewater
subsystem tank (k) amount of freshwater transfer to the water tank of the habitat from the wastewater
subsystem (l) amount of water transfer to the water tank of the habitat from the water tank of the
ISRU
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Fig. 3.10: (a) Amount of oxygen in the habitat tank (b) Level of pVO2 in the habitat (c) pressure of
oxygen in the habitat (d) Concentration of oxygen in the habitat

3.4 Optimal sizing and operation management of PV-
battery based MGs

The expenses for a space mission are influenced by both the weight and storage space for
the payload. Therefore, various ingenious approaches, such as using reusable launching
systems, have been designed to lower the expenses associated with space expeditions.
The expenses for a space mission are significantly affected by the size and weight of both
the PV array and the battery in a PV-battery based MG. With the optimal size of the
PV array and battery system, the power balance in the MG is also to be maintained,
taking into consideration the charging/discharging of the battery. A MMG system
composed of two MGs, namely ISRU and habitat, each with its individual PV-battery
system, is taken into consideration. This section describes the proposed optimization
framework for optimally managing the operation of both the PV-battery based MGs.
The following subsections describe the methodology to formulate the profile of total
power consumption of the ISRU and habitat, and the optimization framework for the
optimal operation management for both the ISRU and habitat MGs.

3.4.1 ISRU power consumption profile
The profile of required power by the ISRU to maintain the desired levels of oxygen and
water in the ISRU tanks is shown in Fig. 3.9c. Nevertheless, a number of additional
devices are necessary for the proper functioning of the ISRU. A list of such devices is
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Table 3.8: Power consumed by various additional devices in ISRU

Power (W)Device Active Survival
Electrical power system 200 200
Communication system internal components 1500 750
Communication system external components 1000 1000
Central computer 100 100
#9 Monitoring camera 5 5
Air compressor 3.5 3.5
Airlock status LED 5 5
Artificial daylight LED 150 75
Airlock vacuum pump 500 500
#33 Lighting LED lamps 20 10
LCD display 160 0
Lunar day thermal control system 1200 900
Lunar night thermal control system 1900 1500
Sensors 4000 3000
Total 10743.5 8048.5

provided in the Table 3.8, which has active and survival-state operational modes and is
assumed to operate during the whole optimization horizon (TH). The essential devices
operate at their full ability consuming the active-state power when the power from the
PV arrays is available. During the periods when no PV power is available, the essential
devices consume the power from the battery to continue operating and the devices
which are not essential but important consume a lower power called survival-state while
the non-essential devices are turned off to reduce the power consumption from the
battery. In total, around 11 kW and 8 kW of active and survival power, respectively,
are consumed as observed from Table 3.8. Thus, the active and survival-state power
consumed by the additional devices is included in the overall power consumption profile
as follows [69, 76]:

P t
ISRU =

{
P t

Vir
+ 11000 P t

P V > 0
P t

Vir
+ 8000 P t

P V = 0
(3.2)

The power consumption profile of the ISRU after including the active and survival state
power of additional devices is shown in Fig. 3.11b and is utilized for the optimal sizing
and operation management of the PV-battery based ISRU MG.

3.4.2 Habitat power demand profile
There are various devices in the habitat that require power to support several opera-
tions, such as operating the LSS, filtering wastewater, facilitating equipment for exer-
cise, conducting scientific experiments, communicating among several units in the base
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Fig. 3.11: Power consumption profile of ISRU (a) for keeping the oxygen and water tanks of the ISRU
at the desired levels (b) taking into consideration the power consumed by additional devices

and ground station, and charging EVs and rovers for exploration, among others. The
wastewater collected in the habitat undergoes a filtration process using the WRS of the
wastewater subsystem in the habitat. The power consumption for the operation of WRS
is described in Section 3.3.2. The profile of consumed power by the wastewater sub-
system is obtained while the optimization problem for the optimal power consumption
profile of ISRU is being solved. It is because of the interaction among the wastewater
and ISRU subsystem for managing the water requirement of the base, and freshwater
from the wastewater subsystem is supplied to the water tank of the habitat along with
the water from water tank of the ISRU. It is assumed that the wastewater subsystem is
provided with the required power from the habitat MG as the wastewater subsystem is
operating within the habitat. The wastewater subsystem consists of wastewater, urine
wastewater and freshwater tanks, as shown in Fig. 3.12. The water filtration process
to maintain the desired levels of the three tanks and the consumption of power by the
wastewater subsystem is described in Algorithm 3 [66, 70]. During the first few hours of
operation, it can be observed from Fig. 3.12a that the wastewater subsystem consumes
standby power of 297 Wh/h as the WRS is not operational [69]. Once the desired
level of wastewater in the wastewater tank is reached, the WPA starts its operation and
428 Wh/h of power is consumed as observed by comparing Fig. 3.12a and Fig. 3.12c.
The wastewater subsystem starts to consume 743 Wh/h of power once the set level
of urine wastewater is attained, as both UPA and WPA start to function, as observed
by comparing Fig. 3.12a and Fig. 3.12b [69]. It is worth noticing that although the
WRS is active and generating freshwater, the contents of the freshwater tank are at the
minimum level (see Fig. 3.12d) since freshwater is provided to the water tank of the
habitat following Algorithm 2 [66, 70] and also shown in Fig. 3.9k [69].

The various devices consuming power in the habitat are listed in Table 3.9 [10, 21, 36,
62, 69]. The Fig. 3.13 shows the hourly power consumption profile of the habitat, which
is determined based on the time at which the different devices are used, their active
or survival-state mode of operation and the wastewater subsystem power consumption
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(a)

(b)

(c)

(d)

Fig. 3.12: (a) Power consumption profile of the wastewater subsystem (b) Amount of urine wastewater
(c) Amount of Wastewater (d) Amount of filtered freshwater
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Fig. 3.13: Power consumption profile of habitat and PV power generation with array area of 123.87 m2

at site #1 (longitude 222.6627◦ and latitude −89.4511◦)

profile (see Fig. 3.12a) [69]. According to [10], roughly 5 − 10 kW of power is consumed
by every crew member in the habitat. In this study, the habitat is assumed to be
accommodating four crew members and is consuming roughly 20 kW of power.

3.4.3 Proposed optimal sizing and operation management algo-
rithm

The operational mode, time and duration of various units that consume power in the
base are planned and organized by the APC optimally utilizing the resources and keep-
ing a balance between power generation and demand. The objective of the proposed
optimization framework is to minimize the mass of the PV array and the battery and
the total surplus PV power, keeping the stored energy of the battery at a desired level.
The proposed optimization function is given as [76]:

J
(
Einit, Ecap, Aa, δ

shed
PP V

)
= MB +MP V +

(
E(t) − Eref

)2 + P shed
P V (3.3)
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Table 3.9: The time-of-use and power consumption of several devices in the habitat [10, 21, 36, 62, 69]

Active-state power Survival-state power Average daily use Time of useDevice (W) (W) (h) (h)
Air compressor 3.5 3.5 24 0 —24
Airlock vacuum pump 500 500 1 21 —22
Airlock status LED 5 5 24 0 —24
Artificial daylight LED 150 75 24 0 —24
Water heater - 1 4000 0 1 6 — 7
Water heater - 2 4000 0 1 18 —19
LSS 4500 3000 24 0 —24
Induction oven 2000 0 1 8 — 9
Monitoring camera (9 Nos) 5 5 24 0 —24
Laptop 60 60 12 9 —21
LCD display 160 0 24 0 —24
Lighting LED lamps (33 Nos) 20 10 4 20 —24
Microwave 800 0 2 7 — 9
Projector-1 60 0 1 10 —11
Projector-2 60 0 1 11 —12
Crew Laptop-1 65 0 10 8 —18
Crew Laptop-2 80 0 6 9 —20
Crew Laptop-3 60 0 3 9 —21
Crew Laptop-4 80 0 10 8 —19
Crew Smartphone-1 2 0 1 19 —20
Crew Smartphone-2 2 0 1 20 —21
Crew Smartphone-3 5 0 2 19 —21
Crew Smartphone-4 3 0 2 17 —19
Camera-1 10 0 2 10 —12
Camera-2 10 0 1 15 —16
Camera-3 10 0 1 21 —22
Camera-4 10 0 1 11 —12
Camera-5 10 0 1 13 —15
Camera-6 10 0 1 17 —18
Treadmill 800 0 1 7 — 8
Refrigerator-1 10 10 24 0 —24
Refrigerator-2 10 10 24 0 —24
Hair dryer-1 1200 0 1 6 — 7
Hair dryer-2 1200 0 1 18 —19
Washing machine 2000 0 1 19 —20
Vacuum cleaner 1.5 0 1 19 —20
Electrical power system-1 500 500 24 0 —24
Electrical power system-2 300 300 24 0 —24
Communication system internal components 2500 1500 24 0 —24
Communication system external components 3000 3000 24 0 —24
Central computer 100 100 24 0 —24
Spacesuit battery charger 140 140 6 23 — 5
Sample drill battery charger 2000 0 2 21 —23
Active thermal control system-daytime 1200 900 24 0 —24
Active thermal control system-nighttime 1900 1500 24 0 —24
Sensors 4000 3000 24 0 —24
3D printer 700 0 12 9 —21
Welder 5000 0 1 11 —12
Laboratory electric arc furnace 5000 0 1 14 —15
Manufacturing device 2000 0 1 16 —17
Rover charging 7000 1000 6 23 — 5
Pressurized EV charging 10 000 3000 6 23 — 5
Unpressurized EV charging 3000 2000 6 23 — 5

where MB and MP V can be determined as [10, 21, 76]:

MB = Ecap

SbBdod
(3.4)
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Table 3.10: Lower and upper bounds of the decision variables [76]

Decision variable Lower bound Upper bound
Einit (%) 0 100
Ecap (Wh) 1 × 105 1 × 108

Aa (m2) satisfy highest
ISRU power
consumption

330

δshed
PP V

(%) 0 100

MP V = (σa + σs)Aa (3.5)

where Sb, σa, and σs are assumed to be 200 Wh/kg, 1.59 kg/m2, and 0.55 kg/m2,
respectively [10, 69, 76].

The optimization function is subjected to several battery constraints from Eq. (2.5)
to Eq. (2.9) as discussed in Section 2.4.1 [21, 76]. The power balance in the MG is
maintained as [76]: ((

1 − δshed,t
PP V

)
× P t

P V

)
− P t

ISRU − P t
B = 0 (3.6)

where a normalized value for δshed
PP V

is considered denoting the fraction of total PV power
which is shed every hour, and P t

B = P t
c or P t

B = −P t
d while charging or discharging,

respectively [76].
The optimization function minimizes the MB and also assures supplying the required

power during the dark period when the PV power is unavailable. TheMB is proportional
to the Ecap, which is one of the decision variables of the optimization problem. Reducing
the PV array mass ensures an optimal PV array area to produce sufficient power to meet
the power demand and charge the battery to satisfy the demand during dark periods.
The hourly δshed

PP V
allows keeping the battery stored energy at a desired level. The decision

variable Einit is allowed to take any value while maintaining the initial and final level
of the stored energy according to the constraint in Eq. (2.9) [76]. Table 3.10 lists the
bounds of several decision variables of the optimization problem [76]. The lower bound
for Aa is set such that the PV power supplies the highest power consumption of the
ISRU. This strategy reduces the use of batteries, and a majority of the power demand
is supplied by the power generated from the PV arrays when PV power is available. In
a situation with a brief period of illumination between two considerably long periods
of darkness, the optimal area of the PV array might increase to quickly store charge to
the battery [76]. Fig. 3.14 shows the optimization framework to identify the optimal
PV array area and battery capacity and optimal operation management with optimal
PV power generation and battery charging/discharging profile [76].
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Fig. 3.14: Flow diagram to obtain the optimal operation of the ISRU and habitat MGs

3.4.4 Simulation results and discussion
For the simulation, the Sun illumination time-series profile at site #1 (longitude 222.6627◦

and latitude −89.4511◦ from Table 1.3) with PV arrays on top of towers with 10m height
is considered [19, 76]. The ‘interior-point’ algorithm in the MATLAB-fmincon toolbox
is used to solve the non-linear optimization problem for an optimization horizon of 708 h.
The battery parameters Bmax, Bdod, ηc, ηd, and δ are assumed to be 90%, 80%, 80%,
80%, and 1%, respectively [69, 76]. The simulation considers the power consumption
profile for ISRU and habitat MGs as shown in Fig. 3.11b and Fig. 3.13, respectively.
Although two MGs, namely habitat and ISRU, are considered, there is no sharing of
resources between the two MGs.

3.4.4.1 ISRU operation management

Four schemes are considered for examining the ISRU MG. The analysis of the first
scheme considers minimizing the total surplus PV power with the lower bound of PV
array area set to a value that produces the amount of PV power to meet the highest
power consumed by the ISRU. The first scheme is analyzed with three distinct cases of
stored energy reference levels of the battery at 50% (case−1), 25% (case−2), and 85%
(case−3) of Ecap.
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(a)

(b)

(c)

(d)

(e)

(f)
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(h)

(i)
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Fig. 3.15: (a) PV power and consumption profile for all the three cases of scenario 1 (b) Optimal
PV power reference and surplus PV power profile for case−1 of scheme 1(c) Stored energy profile of
the battery for case−1 of scheme 1 (d) Power profile for charging/discharging the battery for case−1
of scheme 1 (e) Optimal PV power reference and surplus PV power profile for case−2 of scheme 1 (f)
Stored energy profile of the battery for case−2 of scheme 1 (g) Power profile for charging/discharging
the battery for case−2 of scheme 1 (h) Optimal PV power reference and surplus PV power profile for
case−3 of scheme 1 (I) Stored energy profile of the battery for case−3 of scheme 1 (j) Battery Power
profile for charging/discharging the battery for case−3 of scheme 1 [76]
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The optimal area of the PV array is found as a solution of the optimization problem
as 257.7 m2 in each of the cases of scheme #1. The power produced by the PV arrays
having an area of 257.7 m2 is shown in Fig. 3.15a [76]. It can be observed that the power
generation from the PV arrays are almost equivalent to the highest power required by
the ISRU. The ISRU power consumption and PV power generation reaches a highest
peak of 8.7267 × 104 W and 8.7273 × 104 W, respectively [76].

The periods of time for which the generation from the PV arrays is more than the
power demand of the ISRU, it is observed that in all three cases of scheme #1, the
power from the PV arrays are utilized to charge the battery or shed the surplus PV
power generation as shown in Fig. 3.15b, Fig. 3.15e, and Fig. 3.15h. During a few
initial hours of operation, the PV power generation is completely used in supplying
the power demand of the ISRU. At around 160 h, the power demand is less than the
power generation (see Fig. 3.15a) and the excess power generation is used for providing
charging power to the battery and the desired storage energy level of the battery is
reached in all three cases as observed in Fig. 3.15c, Fig. 3.15f, and Fig. 3.15i. Once
the battery storage energy reaches the desired levels, the surplus PV power generation
is shed to maintain the battery storage energy level at the desired level. Just before
the extended darkness periods, the battery storage energy increases from the desired
level in all three cases to prepare for supplying the power demand during the upcoming
period when PV power is unavailable. A downfall in battery stored energy level in all
three cases in the absence of PV power signifies that the power consumption of ISRU
is supplied from the batteries. The profiles of charging/discharging of the battery for
case−1, case−2, and case−3 can be observed in Fig. 3.15d, Fig. 3.15g, and Fig. 3.15j,
respectively. After the extended darkness periods, such as at 280 h and 640 h, the ISRU
consumes a high power to reach the desired levels of the oxygen and water tanks as
observed by comparing Fig. 3.9c, Fig. 3.9e, and Fig. 3.9h. After supplying the required
power demand, the surplus power from the PV is supplied for charging the battery to
reach the desired stored energy level in all three cases. Once the desired stored energy
level is reached, the surplus PV power is shed to maintain the battery stored energy at
the desired level.

The optimal PV power profile for all three cases is determined by subtracting the
PV power generation (shown in Fig. 3.15a) and the surplus PV power shed profile as
observed in Fig. 3.15b, Fig. 3.15e, and Fig. 3.15h. The results of Fig. 3.15 suggest
that the proposed optimization strategy can effectively manage the power balance and
operation of the MG. It is worth noticing that the battery capacity and mass are the
same for all three cases of Scheme #1 as listed in Table 3.11 [76].

Furthermore, three additional schemes were compared with Scheme #1 to analyze
the effect of shedding the surplus PV power generation and keeping the lower bound
of the PV array area to a value that provides enough power to meet the highest power
demand of the ISRU as follows:

• Scheme #2: Shedding the surplus PV power, keeping Eref = 50% × Ecap, and
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Table 3.11: Comparison of PV array area and battery capacity and their mass at various optimization
conditions [76]

Consideration PV array BatteryScenario PV shedding Aa lower bound Area (m2) Mass (kg) Capacity (W h) Mass (kg)
1 Yes maximum power demand of the ISRU 257.7 551.478 2.2930 × 106 14 331.0254
2 Yes 0 m2 249.3449 533.5981 2.3564 × 106 14 727.6102
3 No 0 m2 163.5221 349.9374 7.2667 × 106 45 417.0311
4 No maximum power demand of the ISRU 257.7 551.478 2.2194 × 108 1 387 132.1689
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Fig. 3.16: Profiles for Scheme #3 (a) Power consumption and PV power generation profile (b) Stored
energy level of the battery [76]

lower bound of Aa = 0 m2.

• Scheme #3: Without shedding the surplus PV power, keeping Eref = 50%×Ecap,
lower bound of Aa = 0 m2, and δ = 10% in Eq. (2.9).

• Scheme #4: Without shedding the surplus PV power, keeping Eref = 50%×Ecap,
setting lower bound of Aa to a value that generates sufficient PV power to meet
the highest power consumed by the ISRU, and δ = 10% in Eq. (2.9).

Compared to Scheme #1, the battery mass for Scheme #2 increased by 396.5848 kg.
The mass of the PV array is reduced by 17.8799 kg, which is insignificant considering
the increase in battery mass. Although, the PV power profile is observed to be similar
to Fig. 3.15b as in Scheme #1, the stored energy level and charging/discharging power
profile of the battery denoted a discharge in the early hours at the starting of operation.
This discharge of the battery is due to the fact that the highest power consumption by
the ISRU during a few initial hours is 8.7267 × 104 W which is more than the maximum
power of 8.4444 × 104 W generated by the PV [76].

In Scheme #3, removing the condition of shedding the surplus PV generation de-
creased the mass of the PV array by 201.5406 kg while increasing the mass of the battery
by 31086.0057 kg compared to Scheme #1. Since it is not possible to shed the surplus
PV power when the generation is more than the demand, the surplus power is stored
in the battery to maintain the power balance. The stored energy level of the battery
along with the generated PV power profile is shown in Fig. 3.16 [76]. Scheme #4 also
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exhibited an increased capacity of the battery to store the surplus power from PV, in-
creasing the mass of the battery by 1.372 × 106 kg compared to Scheme 1 [76]. From
this analysis, it can be inferred that implementing an approach to optimally utilize the
surplus power from the PV arrays to boost the stored energy level in the battery and
shed the rest of the surplus generation can significantly decrease the size and mass of
the battery [76].

3.4.4.2 Habitat operation management

The habitat MG is also simulated with the same conditions as Scheme #1 of the ISRU
MG but with the habitat power consumption profile as shown in Fig. 3.13. In this case,
even though the lower bound of the PV array area is set to a value that produces the
maximum power consumption of the habitat, the optimal PV array area generates much
more PV power than the consumption. This is because more PV power is required to
charge the battery during the time when PV power is available, as the stored power
from the battery is used to supply the power demand during the dark periods. It can
be observed by comparing Fig. 3.17b and Fig. 3.17c that surplus PV power is shed once
the stored energy of the battery reaches the desired level after the initial few hours of
operation. The surplus power generation is utilized for charging the battery before the
extended periods without PV power. During the periods without PV power, the battery
is discharged to supply the power consumption of the habitat as depicted in Fig. 3.17c
and Fig. 3.17d. For a few hours after approximately 280 h, the surplus PV power
generation is utilized to charge the battery to the desired stored energy level. Once
the stored energy level is reached, the surplus PV power is shed. The habitat MG at
site #1 has an optimal PV array area of 123.87 m2 having a mass of 265.09 kg. The
optimal capacity of the battery for the habitat MG at site #1 is 2.67×106 Wh having a
mass of 16729.7 kg. The capacity and mass of the battery for the habitat MG are more
than the ISRU because habitat MG consists of more essential power-consuming devices
than ISRU that need power from the battery during the periods when the generation
of power from the PV array is unavailable.

Even though the capacity and mass of the battery can be decreased by discarding
surplus PV power, neglecting available supplies in an environment with limited resources
such as space would be unreasonable. Alternative types of ESS such as RFCs can be
recharged from the surplus PV power [76]. In a situation of instrument breakdown, the
availability of diverse ESS provides better flexibility in managing operations. Further-
more, the possibility of implementing efficient load scheduling to use the surplus PV
power is also being considered for investigation in the future by the author [76].
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Fig. 3.17: Habitat MG at site #1 (a) PV power generation and power demand profile with optimal
array area of 123.87 m2 (b) Optimal PV power reference and surplus PV power profile keeping the
battery stored energy level at 50% (g) Battery stored energy level profile keeping the battery stored
energy level at 50% (h) Charging/discharging power profile of the battery keeping the battery stored
energy level at 50%.

3.5 Site selection
The sites listed in Table 1.3 are compared in terms of PV array area and mass, battery
capacity and mass, average illumination and longest continuous period of darkness of the
sites, total power demand served and PV power supplied at the site, and MPUL as shown
in Fig. 3.18 [69]. The MPUL of the sites are determined using the methodology described
in Section 2.5. The optimal capacity of the battery at the sites listed in Table 1.3 are
shown in Fig. 3.18e, which is used to determine the mass of the battery at the respective
sites using Eq. (3.4) and are shown in Fig. 3.18a [69]. It is observed that the capacity
and mass of the battery are in the order of 106 Wh and 104 kg, respectively, for both
the ISRU and habitat MGs [69]. The combined battery mass for the ISRU and habitat
MG gives the total mass of the battery at different sites in Fig. 3.18a, which is also
observed to be in the order of 104 kg. The optimal PV array area at various possible
locations are depicted in Fig. 3.18f, which is used to determine the weight of the PV
system at the respective sites using Eq. (3.5) and are shown in Fig. 3.18b [69]. It is
noted that the area of the PV array is in the order of 102 m2 and PV mass are in the
order of 102 kg and 103 kg, for both the ISRU and habitat MGs [69]. The aggregated
mass of the PV system for the ISRU and habitat MG gives the total mass of the PV
at different sites in Fig. 3.18b, which is also observed to be in the order of 102 kg and
103 kg. The area and mass of the PV array for the ISRU MG is higher compared to the
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habitat MG as ISRU utilizes the energy from the Sun to produce enough oxygen and
water for the base.
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Fig. 3.18: Sites listed in Table 1.3 compared in terms of (a) battery mass (b) PV array mass (c) average
illumination (d) longest continuous period of darkness (e) battery energy (f) PV array area (g) total
power demand served (h) total PV power supplied (i) mass-per-unit-load (MPUL) for an optimization
horizon of 1 month from July 6, 2023, to August 5, 2023

The average illumination at the sites for a 1 month period starting from July 6,
2023 and ending on August 5, 2023 is shown in Fig. 3.18c, while the longest continuous
period of darkness is shown in Fig. 3.18d [69]. The average illumination at site #3
and #9 is observed to be approximately 68%, which is significantly more than site #4.
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However, site #4 requires lower capacity of battery and has less battery mass compared
to site #3 and #9. On the other hand, site #3 and #9 are observed to have the longest
continuous period of darkness of 105 h and 145 h, respectively, whereas, it is for 68 h
at site #4. Site #5 has the longest continuous period of darkness of 70 h, which is
comparable to site #4, but site #5 has an average illumination of 47.03% in contrast to
site #4 exhibiting an average illumination of 57.48%. Thus, site #5 has more capacity
and mass of battery in comparison to site #4, despite both sites having a comparable
longest continuous period of darkness. As a result, it can be inferred that the capacity
and mass of the battery for a PV-battery based MG are influenced by both average
illumination and the longest continuous period of darkness at each site [69].

The mass of the battery is found to be much heavier than the mass of the PV array
for a PV-battery based MG on the Moon. It can be seen in Fig. 3.18a that site #4 has
the lowest mass of battery for the ISRU and habitat MGs with a mass of 7563.46 kg and
8379.9 kg, respectively, having a total battery mass of 15943.4 kg for the combined two
MGs. Site #8 is observed to be the nearest comparable site having a mass of battery for
the ISRU and habitat MG as 9237.65 kg and 10981 kg, respectively, and total battery
mass of the combined two MGs as 20218.7 kg [69].

The Fig. 3.18g and Fig. 3.18h shows the aggregated power requirement served and
total power provided by the PV array generation, respectively, at the 15 candidate sites.
The most total power demand of 38616.949 kW is served by site #3. The MPUL of all
the sites listed in Table 1.3 as compared in Fig. 3.18i are in the order of 10−3 kg/W [69].
Site #4 is observed to have the least MPUL for both the ISRU and habitat MG as
0.330 × 10−3 kg/W and 0.662 × 10−3 kg/W , respectively, and MPUL for the total
combined two MGs is 0.444 × 10−3 kg/W [69].

Fig. 3.19 shows the approximate locations of the sites listed in Table 1.3 [69]. Site
#4, with the least amount of battery mass and MPUL, is located at the edge of the
Shackleton crater, which typically receives a high illumination.

3.6 Conclusion
In this chapter, the several interacting subsystems in the lunar base were studied and
the operation management of the base considering oxygen and water supply in the base
was investigated. A methodology was proposed to generate the profiles for oxygen and
water consumption and wastewater generation of the base. Several algorithms were
proposed to maintain the pressure and concentration of oxygen in the habitat, refill
the consumed oxygen in the habitat oxygen tank from the ISRU oxygen tank, filter
wastewater for reusing freshwater in the habitat, refill the consumed water in the water
tank of the habitat from both the freshwater and ISRU water tank. An optimization
function was proposed to maintain the required levels of the oxygen and water tanks
of the ISRU and habitat subsystems, maintaining the safe conditions and operation of
the base. The optimization framework considered the time-series profile of the solar
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Fig. 3.19: Approximate locations of the sites listed in Table 1.31
1 Snapshot from https://quickmap.lroc.asu.edu/ (Accessed on 16/2/2023)

illumination at the site. The optimization considered PV arrays mounted on 10 m high
towers and an optimization horizon of 708 h (= 1 month). The optimization framework
resulted in generating the optimal power demand profile for the ISRU. A methodology
to create the profile of the power demand for the habitat was discussed, taking into
consideration various power-consuming devices in the habitat and their duration of use
depending on several activities of the crew members. The power demand profile of the
ISRU and habitat was considered for managing two PV-battery based MGs, namely
ISRU and habitat MG, with each of them having their individual PV array and battery
system. An optimization function was proposed to determine the optimal area of the
PV array and capacity of the battery and operate the MGs optimally by maintaining the
stored energy of the battery at a desired level considering the time-series profile of solar
illumination at the site for an analysis period of 708 h. The optimization framework
resulted in generating a surplus PV power profile which is either shed or used to charge
and prepare the battery ahead of extended long darkness periods when PV power is
not available and the battery is used to supply the critical loads. It was observed that
storing the surplus PV power unnecessarily increased the battery capacity. Instead of
shedding the surplus PV power, the possibility of utilizing the surplus power to charge
other ESSs or implement load scheduling is to be investigated by the author in the
future. Furthermore, 15 candidate sites near the Shackleton crater with high average
illumination were compared and the site with the least battery mass was observed to
have a mass of 7563.46 kg and 8379.9 kg for the ISRU and habitat MG, respectively.
Finally, a comparison of MPUL revealed that the site with least MPUL has a MPUL of
0.330×10−3 kg/W and 0.662×10−3 kg/W for the ISRU and habitat MGs, respectively.

https://quickmap.lroc.asu.edu/
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Chapter 4: Closing remarks

4.1 Overall conclusion
Several space agencies are interested in expanding human civilization further into space
by establishing a human base on the Moon. Developing such a system in outer space pri-
marily requires maintaining the artificial LSS for the crew members. Several systems for
maintaining the LSS, communicating with the ground station, and performing scientific
explorations, among others, require electrical power to operate. Therefore, electrical
power systems consisting of power generation, transmission, and storage technologies
with efficient control and energy management systems are required on the Moon. Sev-
eral technologies for power generation, transmission, storage, and control framework for
space MGs on the Moon, along with the different power-consuming units, were discussed
in [9].

To establish a PV-battery based MG for the base, an appropriate methodology is
required to determine the optimal area of the PV array and the capacity of the battery
and coordinate among the several power-consuming units. Moreover, the illumination
of the candidate sites near the lunar polar regions was observed to be affected by the
topology of the surrounding region. Therefore, this thesis considered the time-series
profile of solar illumination at the candidate locations to determine the availability of
PV power. It was assumed that PV arrays are installed on top of towers of height 10,
50, and 100 m to harvest more solar power. A methodology was presented to obtain the
profile of power consumption of multiple power-consuming units of the base assuming
two states of power consumption for the loads depending on the availability of PV
power [21]. An optimization framework was proposed to identify the optimal area of
the PV arrays and the capacity of the battery minimizing the mass of the PV array
and battery and the battery total cost per day [21]. An analysis period of 1 year and 5
years were taken into account in which the annual decline in the capacity of the battery
because of the calendar and cyclic aging was taken into consideration for the case of
5-year horizon. A comparison was performed among 15 different candidate sites in the
close proximity of the Shackleton crater. The mass of the PV-battery system varied
roughly from 1.5×105 kg to 3.5×105 kg and from 2×105 kg to 5.5×105 kg for analysis
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periods of 1 year and 5 years, respectively, assuming towers of 10 m height for the PV
arrays. It was observed that the longest continuous period of darkness also affects the
size and mass of the PV and battery, along with the average illumination at the sites.
Raising the height of the towers to 50 m and 100 m increased the average illumination for
some of the sites and also reduced the longest continuous period of darkness, resulting
in reduced PV-battery system mass varying from 1 × 105 kg to 2.25 × 105 kg and from
1.5×105 kg to 3.25×105 kg for optimization horizons of 1 year and 5 years, respectively.
The units that consume power in the base were also distributed among three sections
to form an MMG system to enhance the system reliability and resiliency, keeping the
total PV-battery system mass approximately the same. Although more investigation is
required for the MMG system as, additional power cables and converters and protection
systems might increase the overall system mass. A criterion is established by considering
the total power requirement fulfilled and the overall mass of the system, called MPUL,
was proposed to determine the location that fulfills the highest power requirements with
the minimum overall system weight.

It was noted that a more accurate power consumption profile can be obtained by
considering the operation mode and rate of the subsystems. Also, the interaction be-
tween several subsystems for oxygen and water management of the base was taken into
account [66]. The profile for consumption of oxygen and water in the habitat was mod-
eled according to the several tasks performed by the crew members on a daily basis
to account for the rate of operation of several power-consuming units. A profile for
wastewater produced in the habitat was also considered and the freshwater obtained af-
ter filtering the wastewater was assumed to be reused in refilling the habitat water tank.
Several algorithms were proposed to supply oxygen and water from the respective ISRU
and wastewater tanks to the habitat tanks and to maintain the required pressure and
concentration of oxygen in the habitat [66, 70]. An optimization framework was pro-
posed to maintain the desired level of oxygen and water in the respective tanks of ISRU
and habitat to determine the profile of power consumed by the ISRU and the maximum
rate of transfer of oxygen and water to the habitat tanks [66]. The optimization con-
sidered the Sun illumination time-series profile at a site with towers of 10 m height for
the PV arrays for an optimization horizon of 1 lunar month. It was observed that with
the optimal operating strategy, the base is prepared for the upcoming extended long
duration of darkness by storing more oxygen and water in the respective tanks of ISRU.
Similarly, the power demand profile of the habitat was also determined depending on
the daily activities of the crew members and the usage time of several power-consuming
devices in the habitat [76]. The optimal power demand profile of the ISRU and the habi-
tat were further used for optimal sizing and operation management of the base. Two
MGs were considered, namely the ISRU and the habitat, each one having a separate
PV-battery system. An optimization framework was proposed for optimal operation of
the MGs by optimally sizing the PV array area and battery capacity, keeping the stored
energy of the battery at the desired level while minimizing the total surplus PV power
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generation and mass of the PV array and battery. The optimization was carried out
for a horizon of 708 h with PV arrays on top of towers of height 10 m. It was observed
that the batteries are charged with more energy than the desired level prior to extended
periods of darkness when PV power is going to be unavailable to ensure continuity of
power supply. It was also noticed that shedding the surplus power reduces the battery
size as the surplus power is not stored in the battery. Instead of wasting the surplus PV
power in an environment with limited access to energy resources, such as space, more
efficient operation strategies can be developed for scheduling the controllable loads and
deploying other types of ESS, such as RFCs. In addition, a comparison study for inves-
tigating the PV array and battery mass for 15 candidate sites was performed [69], which
revealed that the site with the least battery mass has a battery mass of 7563.46 kg and
8379.9 kg for the ISRU and habitat MGs, respectively. The PV array mass for the ISRU
and habitat MGs are 631.61 kg and 257.40 kg, respectively. The ISRU and habitat MGs
at the same site also had the MPUL of 0.330 × 10−3 kg/W and 0.662 × 10−3 kg/W ,
respectively.

4.2 Contribution
Establishing a MG for a human base in the space environment involves supporting in-
valuable human lives in a harsh and unforgiving environment. This thesis first provided
a summary of the main requirements of a PV-battery based MG on the Moon. Installing
a PV-battery based MG requires an estimation of the power demand profile and a proper
methodology to determine the optimal PV array area and battery size to supply the
power demand. The main contribution of this thesis is developing a coordinated control
and operation management system for multiple units that consume power in a human
base on the Moon supplied by a PV-battery based MGs, to ensure the safety and vital
LSS of the crew members. The following are the sub-objectives fulfilled to achieve the
main goal of this thesis:

• Determining the optimal size of the PV array and battery system: The
thesis proposed an optimization framework to optimally size the PV array area
and battery capacity to minimize the mass of the PV array and battery, and the
total cost per day of the battery using the Sun illumination time series profile and
the angle of Sun elevation at a candidate site on the Moon.

• Modeling the interaction among different subsystems: In the thesis, the
interaction among ISRU, habitat, and wastewater subsystems were modeled for
managing the oxygen and water supply in the base.

• Deriving the optimal power demand profile of the ISRU: The thesis pro-
posed an optimization framework to determine the optimal power demand profile
of the ISRU keeping the desired levels of stored oxygen and water in the respective
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ISRU and habitat tanks while taking into account the required pressure and con-
centration of oxygen in the habitat, and the profile of consumption of oxygen and
water because of the daily tasks performed by the crew members in the habitat,
as well as the time-series profile of the solar illumination at a candidate site on the
Moon. Several algorithms to maintain the required pressure and concentration
of oxygen in the habitat, supply oxygen from the oxygen tank of ISRU to the
habitat, perform filtration of the wastewater to produce freshwater, supply water
to the habitat water tank from the ISRU water tank and freshwater tank were
also proposed which are vital to determine the optimal power profile of the ISRU.

• Optimal operation management: The thesis proposed an optimization frame-
work to determine the optimal operating strategy of a PV-battery based MG for
maintaining the stored energy of the battery at a desired level by optimally sizing
the PV array and battery and minimizing the total surplus PV power generation
along with the mass of the PV array and battery taking into account the opti-
mal power demand profile of the ISRU, thereby, generating the optimal PV power
profile and charging/discharging profile of the battery.

• Mass-per-unit-load (MPUL): The thesis proposed a criterion called MPUL to
compare different candidate locations and determine the locations that fulfill the
highest power requirement with the minimum PV-battery based MG total system
mass.

4.3 Future work
In this thesis, optimal sizing, siting, and operation management of a lunar MG was
accomplished considering several specific requirements of the power systems in the space
environment. According to the study conducted in this thesis, the following directions
are proposed for future research in this area:

• Battery degradation due to cosmic radiation: Although several research
has been focused on the deterioration of batteries in spacecraft, these degradation
models have restricted usage in specific applications. A more specific study ana-
lyzing the effect of cosmic radiation reaching the lunar polar regions and its effect
on battery degradation is required.

• Integrating the biomass production subsystem into the oxygen and wa-
ter management system: Further analysis is required to identify the amount
and rate of oxygen, carbon dioxide, and water consumption and oxygen generation
by various plants. Moreover, the amount of power consumed for maintaining the
artificial atmosphere and lighting conditions needs further study.
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• Parameter sensitivity: A study has to be performed to analyze the effect of
initial levels of several storage tanks in determining the optimal power demand
profile of the ISRU.

• Forming an MMG system: To enhance the reliability and resiliency of the
lunar base, power and resource sharing in an MMG system needs to be established
considering the safe operation of the base. Further investigation is required with
respect to the mass of the overall MMG system, accounting for the extra power
cables, converters, and protection devices required to form an MMG system.

• Demand-side management: A multi-objective optimization strategy is re-
quired to manage sudden surges and the peak-to-average ratio of the power de-
mand profile, taking into consideration a compromise between following the de-
sired references and power demand. Formulating a methodology to flexibly sched-
ule loads and charge diversified ESSs is essential for better management of the
available resources and to reduce the peak-to-average ratio.
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