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Optimal PV and Battery Sizing for a Space Microgrid Near the
Lunar South Pole Considering ISRU, Habitat and Water

Subsystem Power Demand
Diptish Saha 1, Najmeh Bazmohammadi 2, Juan C. Vasquez 3 and Josep M. Guerrero 4

The size and mass of the payload substantially affect the cost of space missions. The aim of this paper is
to investigate the optimal mass and size of the photovoltaic (PV) array and battery in a PV-battery-powered
lunar microgrid (MG) at 15 highly illuminated candidate sites near the lunar south pole. It is assumed that PV
arrays are installed on top of towerswith a height of10 m. Themethodology to estimate the PV output power at
each candidate site using the illumination time-series profile is presented. On the consumption side, the power
demand profiles of ISRU and wastewater subsystems are determined using the estimated oxygen and water
consumption profiles of the habitat with four crew members. The closed-loop model of water management
includes the interaction of ISRU, wastewater filtration system, and the crew habitat. The power consumption
profile of the crew habitat is generated considering different power-consuming components in the habitat as
well as the daily schedule of the crew members. Organizing different loads in a multi-microgrid system is also
investigated. Finally, a criterion, mass-per-unit-load (MPUL), is used to compare different sites and select the
best location with the minimum PV-battery system mass that can serve the highest power demand.

Nomenclature

AWP alternative water processor.

DW drinking.

EPS electrical power system.

ESS energy storage system.

FR food rehydration.

ISRU in-situ resource utilisation.

ISS International Space Station.

LSS life support system.

MG microgrid.

MMG multi-microgrid.

PH personal hygiene.

PV photovoltaic.

RFC regenerative fuel cell.

SH shower.

SoC state-of-charge.

UF urinal flush.

UPA urine processor assembly.

WPA water processor assembly.

α Sun elevation angle [rad]

β Array inclination angle [rad]

χd Dust on the PV panels [%]

ηsc PV cell efficiency [%]

Aa PV array area [m2]

fsc PV cell fill factor [%]

Is Solar intensity [W/m2]

P t
ISRU Hourly ISRU total power de-

mand [W ]

P t
PV Hourly PV power [W ]

P t
Vir

Hourly ISRU power demand
[W ]

Vir Hourly fraction of the reac-
tor volume replenished with
ilmenite [1/h]
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I. Introduction

A human base on the Moon requires a reliable and efficient electrical power system (EPS) to supply the power
demand of different power-consuming units. The power-consuming units in the base primarily consist of crew

habitat, to live and perform scientific experiments, and in-situ resource utilisation (ISRU), to produce oxygen and
water using the local resources such as lunar regolith. The EPS of the lunar base consist of several interconnected
power-demanding systems, power generating sources, and energy storage system (ESS), which can be called space
microgrids (MGs) on the Moon or lunar MGs1,2. The harsh space conditions entail developing a reliable and resilient
MG ensuring power supply even during critical emergencies to support human life and maintain communication with
the ground station. Taking inspiration from the terrestrial systems, several power-consuming units in a lunar base
may be distributed between several MGs to have their own power generation and ESS and form an multi-microgrid
(MMG) system. The MMG systems come with the benefits of sharing resources among several MGs, and increasing
the reliability and resiliency of the power system. Taking into account similarities of terrestrial and lunar MGs, several
solutions developed for terrestrial MGs can be adapted to be applied to lunar MGs and vice versa2,3.

On the Moon, electricity can be generated from several resources, such as solar radiation, nuclear reactors4, and
electrostatic charge from the regolith5. Although nuclear reactors provide light, small, modular, and site-independent
solutions, their installation requires serious considerations to limit the nuclear radiation exposure of the crew members,
for instance, through maintaining an appropriate distance between the reactors and the habitat, or employing suitable
shielding4. In the former case, appropriate ways for transferring the power from the generation site to the base6 are
needed, while in the latter, displacement of lunar regolith might be required4. Transportation of additional equipment
in the form of power cables or heavy machinery increases the payload, and thereby the mission cost. Safe disposal of
nuclear waste is also a serious issue. On the other hand, generating power from the electrostatic charge of the lunar
regolith is still undergoing laboratory tests5. The absence of an atmosphere on the Moon permits ample solar energy
to reach the lunar surface, and solar radiations are not affected by atmospheric disruptions such as cloud coverage and
diffusion. Solar power generation technology is well tested on Earth and in several space missions. It does not require
safe distance consideration and allows easy expansion, thereby providing an efficient solution for generating electrical
power on the Moon.

Generating power from photovoltaic (PV)-arrays requires adequate solar illumination at the lunar base site. Sev-
eral highly illuminated sites near the lunar polar regions have been identified in previous studies using the average
illumination information7–9. Several studies investigate installing PV arrays on top of high towers to increase the av-
erage available illumination10. Designing such solar array structures is currently under consideration by several space
agencies11,12. It is observed that installing PV arrays on top of towers reduce the ESS requirements10. In general,
space mission costs are directly proportional to mass. Therefore, reducing the size of the ESS reduces the space mis-
sion cost. There are several ESS technologies for space applications1. In Ref. 13, batteries and regenerative fuel cell
(RFC)-based ESS assisted with PV arrays are compared for a period of 10 years from 2020 to 203013. It is observed
that despite PV-RFC system having lower overall mass, batteries have higher efficiency than RFCs13. According to
Ref. 4, the mass of the battery for a PV-battery system supplying an ISRU system located at 30◦ latitude with a total
power demand of 25.8 kW is approximately 58, 000 kg. Non-polar regions receive roughly 15 days of uninterrupted
sunlight followed by approximately 15 days of uninterrupted nighttime14. Therefore, the size of the ESSs increases
as ESSs must supply the power required by the critical loads during the night time. Although polar regions possess
high average illumination, there are high terrains around polar regions according to the data collected by NASA’s Lunar
Reconnaissance Orbiter (LRO)15,16. Moreover, the solar elevation angle close to polar regions is less than 10◦. The
low solar elevation angle and high terrains create long shadows10,17 obstructing the solar radiation to reach the Moon’s
surface. Therefore, the solar illumination time-series profile at each location should be determined considering the
nearby topography along with the Sun elevation angle to have an approximation of the available power from the Sun
for planning and operation management of MGs18.

This paper presents a comparison study for a PV-battery based MG considering the size of the PV array and bat-
tery size and mass at 15 candidate sites (see Table 17–9,18) near the lunar south pole for a period of one lunar month
(∼ 708 h). It is common practice to model the power budget of space missions as a fixed value equal to the average
or peak power demand of power-consuming units. However, the power demand depends on the operating mode and
the rate of operation of the unit. For instance, the oxygen and water requirement of the base depends on several daily
activities of the crew members. In addition, the power consumption of the wastewater filtration subsystem depends on
the rate of wastewater generation in the base. The power consumption profiles of different power-consuming units are
required for the operation management of the base. In this paper, the power demand profile of the ISRU is determined

2
International Conference on Environmental Systems



Figure 1. The interacting subsystems in a lunar base for maintaining the oxygen and water flow.

according to the oxygen and water management of the base considering three interacting subsystems, namely ISRU,
crew habitat, and wastewater filtration system. To the best of our knowledge, such a comparison study to investigate the
mass of a PV-battery MG at different highly illuminated candidate sites near the lunar south pole has been not reported
in the literature. In this paper, the power demand profile of the habitat is generated considering the daily activities of
the crew members. It is assumed that ISRU and habitat have their own MG system to enhance the reliability of the
base. The sites are also compared with respect to the longest continuous nighttime, average illumination, total power
demand served, total PV power generated, and mass-per-unit-load (MPUL) criterion to identify the sites serving the
highest power demand with the least total PV-battery systems mass.

Table 1. Location of 15 highly-
illuminated candidate sites.7–9,18

Site # Longitude Latitude

1 222.6627 −89.4511
2 222.6415 −89.4333
3 222.8084 −89.4390
4 203.6490 −89.7797
5 203.2861 −89.7731
6 37.1013 −85.2963
7 123.7604 −88.8084
8 197.1382 −89.6866
9 222.4191 −89.4407

10 37.0207 −85.2897
11 291.7803 −88.6704
12 197.7447 −89.6884
13 202.8645 −89.7624
14 222.5634 −89.4734
15 222.7638 −89.4502

The rest of this paper is organized as follows. The optimal power de-
mand profiles of both ISRU and habitat MGs are investigated in Section II
considering the long-term operation objective of the lunar base and several
daily activities of the crewmembers. The optimal PV array and battery size
required to supply the power demand of the PV-battery MG for ISRU and
habitat are discussed in Section III. The comparison study in terms of the
mass and size of PV array and battery for the 15 highly illuminated sites
near the lunar south pole, Shackleton crater, is presented in Section IV.
Finally, concluding remarks are given in Section V.

II. ISRU and habitat power demand profile

A. ISRU power demand profile

For sizing the PV array and battery for the PV-battery MG, an estima-
tion of the required power demand to be served is essential. In this paper,
it is assumed that there are two MGs, one for the ISRUs and another for
the habitat, each having its own PV array and battery. The power demand
profiles obtained for ISRU and habitat are discussed in the following sub-
sections.

In this paper, the closed-loop model of oxygen and water, including
the interaction between the ISRU, crew habitat, and wastewater filtration
system, is considered, as shown in Figure 1. The water and oxygen for
the lunar base are produced by the ISRU utilizing the lunar regolith. The
power consumption of the ISRU depends on the rate of intake of regolith
(Vir) as shown in Figure 24. The ISRU produces water by performing
catalyzed hydrogen reduction reaction of the regolith in a reactor, which
is then electrolyzed to produce oxygen4. Therefore, both oxygen and water are generated with the intake of regolith.
Electrical power is consumed by the electrical motors for scooping, transporting, vibrating, separating, and transferring
regolith and performing electrolysis. The reactor requires thermal energy to perform the reduction reaction, which is
assumed to be supplied by electrical heaters in this paper. Therefore, the total power consumption of ISRU shown
in Figure 2 also includes the electrical power that is required by electrical heaters. In addition, reusing and recycling
available resources are encouraged in an environment with a scarcity of resources. Thus, instead of depending on ISRU
for all the water demands of the habitat, a wastewater subsystem is considered in the habitat that can filter the habitat
wastewater and produce clean water for further use.

For the operation management of the habitat, it is necessary to calculate the daily oxygen and water consumption
and wastewater generation profiles of the habitat. The amount of oxygen and water consumption and wastewater
generation for different activities for one crew member is listed in Table 2. It is considered that four crew members are
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present in the habitat carrying out their daily activities. The daily oxygen and water consumption profiles, as shown
in Figure 3a and Figure 3b, respectively, are created according to the daily schedule of the crew members as described
in Table 3 and their consumption rates as listed in Table 2. The daily urine and wastewater generation profiles for
four crew members are shown in Figure 3c and Figure 3d, respectively. The daily oxygen and water consumption and
wastewater generation profiles are repeated for the whole mission duration of 1 month (∼ 708 h).
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Figure 2. ISRU power demand variation and oxygen
and water production rates with varying Vir . Inset
figure shows the variation with Vir from 0 to 0.1.

The oxygen andwater requirements in the habitat are ful-
filled by respective tanks in the habitat. The desired level
of the habitat’s oxygen tank is maintained by refilling oxy-
gen from the ISRU oxygen tank, while the desired level of
the habitat’s water tank is maintained by refilling water from
both the ISRU and wastewater filtration system water tanks
as shown in Figure 1. Whenever the actual level of oxy-
gen and water in the ISRU tanks deviates from the desired
level, Vir is adjusted accordingly to reach the desired level.
A multi-objective optimization function is formulated to fol-
low the desired levels of the oxygen and water tanks of ISRU
and habitat, as shown in Figure 4b, Figure 4d, Figure 4e, Fig-
ure 4f, and Figure 4g. The solution to the optimization prob-
lem determines the maximum rate at which the oxygen is
transferred from the ISRU to the habitat oxygen tank, the
maximum rate at which the filtered freshwater is transferred
from the wastewater system to the habitat water tank, the hourly maximum rate at which water is transferred from
ISRU to the habitat water tank, and the hourly Vir to produce oxygen and water for the complete optimization horizon.
The amount of Vir determines the hourly power demand of the ISRU (see Figure 4c) according to the methodology
proposed in Ref. 4(sec. 3.1, p. 10). Therefore, the power demand of ISRU depends on the crew members’ oxygen and
water consumption rates. The PV power profile is obtained from the Sun illumination time-series profile considering
the Sun, Earth, and Moon three-body system proposed by the authors in Ref. 18. The Sun illumination time-series
profile is used to generate the PV power profile (P t

PV ) as follows2,4:

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

where χd is assumed to be 0% considering that the PV arrays are installed near the base and are cleaned periodically,
fsc is assumed to be 89%, and ηsc is assumed to be 28%. Is is assumed to be 1359W/m2, which is multiplied by the
Sun illumination time-series profile18 following the methodology proposed in Ref. 2. The amount of α is calculated
using the methodology proposed in Ref. 2 and Ref. 4(sec. 5.1, p. 35), while β is assumed to be equal to the latitude of
the site, which is 89.78◦. The PV output power with an optimal Aa of 294.95 m2 is shown in Figure 4a. The PV
power at a site is also not continuously available as shown in Figure 4a. Therefore, it is assumed that the ISRU stops
its operation when PV power is unavailable at the site, as shown in Figure 4c, since ISRU is a high-power demanding
system that increases the battery’s size for operation during the dark period. If there is a long dark period in the near
future, the ISRU operation management system decides to produce more oxygen and water to be prepared for the
upcoming no-operation period utilizing the available energy during the illuminated period. The optimization problem
results in an optimal power consumption profile for maintaining the desired levels in the oxygen and water tanks of
ISRU considering the long-term safe operation of several interacting subsystems of the base.

It is assumed that, apart from the power consumption for processing the regolith to produce oxygen and water,
ISRU also consumes power for running several other types of equipment as listed in Table 42,4,14,20. It is assumed
that power-consuming units are in the active operating state when solar energy is available. During dark periods, it is
assumed that they are in survival operating mode consuming low/idle power. From Table 4, it is calculated that the
total active and survival power consumption of different types of equipment in ISRU is approximately 11 kW and
8 kW , respectively. Therefore, the total power consumption profile of ISRU is calculated as:

P t
ISRU =

{
P t
Vir

+ 11000 P t
PV > 0

P t
Vir

+ 8000 P t
PV = 0

(2)

The total power demand profile of ISRU including the power required by supporting devices is shown in Figure 4h.
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Table 2. The water and oxygen consumption and wastewater generation rates for different activities for one
crew member.19[Table 4-20 (p. 72), Table 3-25 (p. 49), Table 4-21 (p. 73)]

Water consumption (kg/day) Oxygen consumption (g/min) Wastewater generation (kg/day)
Activity Amount Activity Amount Activity Amount

Drinking (DW) 2.00 Sleep 0.37 Urine 1.50
Food rehydration (FR) 0.50 Nominal 0.59 Oral hygiene 0.37
Urinal flush (UF) 0.50 Exercise 3.99 Hand wash 4.08
Personal hygiene (PH) 0.40 Exercise recovery 0.59 Shower 1.08
Shower (SH) 1.08 Pre/Post-sleep 0.59 Crew latent humidity condensate 2.27

Table 3. Daily schedule of the crew members used for generating the oxygen and water consumption profiles.

Time (h) Water consuming activity Oxygen consuming activity
00:01 - 06:00 None Sleep
06:01 - 07:00 DW + PH + UF + FR + SH or DW + PH + UF + FR Post-sleep (Nominal)
07:01 - 08:00 None Exercise
08:01 - 09:00 DW Exercise recovery
09:01 - 12:00 None Nominal
12:01 - 13:00 DW + PH + UF + FR Nominal
13:01 - 15:00 None Nominal
15:01 - 16:00 DW + UF Nominal
16:01 - 18:00 None Nominal
18:01 - 19:00 DW + PH + UF + FR or DW + PH + UF + FR + SH Nominal
19:01 - 21:00 None Nominal
21:01 - 22:00 DW + PH + UF Pre-sleep (Nominal)
22:01 - 00:00 None Sleep
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Figure 3. Daily (a) oxygen consumption (b) water consumption, (c) urine wastewater generation, and (d) waste-
water generation profiles for four crew members

B. Habitat power demand profile

Several devices consume power in the habitat for maintaining the artificial atmosphere, life support system (LSS),
wastewater treatment, exercising, performing scientific experiments, charging electric vehicles and rovers, and com-
municating within the base and the ground station on Earth, among others. The wastewater subsystem in the habitat
is responsible for extracting filtered water for reuse from the wastewater produced in the habitat. Considering the
requirements of a lunar base, a wastewater filtration process named alternative water processor (AWP) is presently in
the development stages21–23. Currently, the water recovery system in the International Space Station (ISS) consist-

5
International Conference on Environmental Systems



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

(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

(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

(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

(d)

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

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

Time (in h) (total 708 hours)

0

2

4

6

8

P
ow

er
 (

W
)

#104

(e)
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

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

Time (in h) (total 708 hours)

0

2

4

6

8

P
ow

er
 (

W
)

#104

(f)

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

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

Time (in h) (total 708 hours)

0

2

4

6

8

P
ow

er
 (

W
)

#104

(g)

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

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

Time (in h) (total 708 hours)

0

2

4

6

8

P
ow

er
 (

W
)

#104

(h)

Figure 4. (a) Optimal PV power generation for ISRU MG at site #4 (longitude 203.6490◦ and latitude
−89.7797◦) with an array area of 294.95 m2 near the Shackleton crater from July 6, 2023, to August 5, 2023
(b) Intake rate of lunar regolith (c) ISRU power consumption (d) ISRU oxygen tank level (e) ISRU oxygen tank
level zoomed (f) ISRU water tank level (g) ISRU water tank level zoomed (h) ISRU power demand with several
supporting devices.

ing of urine processor assembly (UPA) and water processor assembly (WPA) is responsible for filtering the generated
urine wastewater and wastewater, respectively24. In the operational mode, the UPA and WPA require 315 Wh/h and
320 Wh/h power, respectively, along with 108 Wh/h power required by the control modules (in total 743 Wh/h).
In the standby mode, the ISS water recovery system requires 297 Wh/h of power25. The water recovery system can
recover 81% of wastewater25, and it is assumed that the water recovery system can process 2.5 kg/h at a time. The
power consumption of UPA and WPA and the wastewater processing capability of the water recovery system are con-
sidered to obtain the power-consumption profile of the wastewater subsystem as shown in Figure 5. It is worth noticing
that the power-consumption profile of the wastewater subsystem is generated by solving the optimization problem for
ISRU power demand as the filtered water from the water recovery system is reused along with the water produced by
the ISRU to fulfill the needs of the water in the habitat. The power demand of the wastewater subsystem is assumed to
be supplied from the habitat MG as the wastewater subsystem is considered to be a part of the habitat. Three different
tanks are considered to store the urine wastewater, wastewater, and filtered water at a desired level as shown in Fig-
ure 5b, Figure 5c, and Figure 5d, respectively. An algorithm is developed in this paper to maintain the desired levels of
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Figure 5. (a) Wastewater subsystem power demand profile (b) Urine wastewater tank content level (c) Wastew-
ater tank content level (d) Filtered water tank content level.

the tanks by taking out water from the urine wastewater and wastewater tanks, using the filtering process, and storing
the filtered water. It can be observed from Figure 5c and Figure 5a that as soon as the wastewater tank reaches its
desired reference, the wastewater subsystem starts its operation and consumes higher power than the standby power.
From Figure 5b and Figure 5a, it can be observed that when the urine wastewater tank reaches its desired reference,
both UPA and WPA are operational and consumes a high power of 743Wh/h. It can also be noticed in Figure 5d that
the filtered water tank level is not increasing even though the water recovery system is operational because the filtered
water is also transferred to the habitat potable water tank for use by crew members.

Table 4. Different types of power consuming equipment in
ISRU.2,4,14,20

Power (W)Equipment 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

The habitat power demand profile is
created using the power consumption in-
formation of its power consuming units
according to their time of use as listed
in Table 52,4,14,20 and the power consump-
tion profile of the wastewater subsystem
as shown in Figure 6. The time of use of
these devices is based on the daily activ-
ity schedule of the crew members, as men-
tioned in Table 3. The PV power genera-
tion profile in Figure 6 is also generated us-
ing Eq. (1) with optimalAa of 120.28m2.
Similar to ISRU, the devices in the habitat
also consume active-state power while so-
lar energy is available. Several devices are
switched off or kept in low/idle (survival)-
powered conditions to reduce power con-
sumption from the batteries in the dark pe-
riod. It can be observed from Figure 6 that
the power consumption of the habitat re-
duces during the period when PV power is
unavailable. In Ref. 4, it is estimated that
each crewmember in the habitat consumes
approximately 5− 10 kW of power. In this paper, a total power of approximately 20 kW is considered for a base with
four crew members.

The power demand profile for both ISRU and habitat MGs are generated and used to optimally size the PV array
and battery for the PV-battery MG of ISRU and habitat as explained in the following section.
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Table 5. Power consuming devices in the habitat and their time of use2,4,14,20

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
Lunar day active thermal control system 1200 900 24 0 —24
Lunar night active thermal control system 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

III. ISRU and habitat PV-battery power profile

The cost of space missions is affected by the mass and stowage area of the payload. Thus, several innovative
strategies have been developed to reduce the cost of space missions. In a PV-battery MG, the size and mass of the

8
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Figure 6. Habitat power demand profile and optimal PV power generation for habitat MG at site #4 (longitude
203.6490◦ and latitude −89.7797◦) with array area of 120.28 m2 near the Shackleton crater from July 6,
2023, to August 5, 2023.

PV array and battery play a vital role in the cost of the space mission. A multi-objective optimization problem is
proposed to minimize the battery and the PV array mass, and maintain the battery state-of-charge (SoC) at a desired
level, while minimizing the total unused power from the PV system. Constraints related to the allowable battery
charging/discharging power and power balance in theMG are also taken into account2. The solution to the optimization
problem is the optimal battery capacity, PV array area (Aa), and the hourly excess PV power generation that is shed.
It is tried to maintain the battery SoC within 20% and 90% of the maximum battery capacity while following a desired
reference level. The excess PV power generation is assumed to be curtailed in this study since storing it in the battery
requires an unnecessary increase in the battery size, and, thereby, the battery mass. Instead of shedding the excess PV
power, several other power-consuming units in the base can be optimally scheduled to use the excess power, which is
the subject of the future study of the authors.

The optimal PV power generation profile from the optimized PV array area of 294.95 m2 and the power demand
profile of ISRU MG at site #4 is shown in Figure 7a. During the period when the power generation is more than the
demand, the extra generation is either used to charge the battery or shed. The battery is charged if the battery SoC is
less than the desired level or the optimization algorithm decides to charge the battery to be prepared for supplying the
power demand during the period when PV generation is unavailable, as shown in Figure 7c. The excess PV power
generated is shed during the period when the battery SoC reaches its desired level as shown in Figure 7b. The battery
charging and discharging power for the ISRUMG is shown in Figure 7d. A similar strategy is adopted for the operation
of habitat’s PV-battery MG. The optimal PV power generation profile from the optimized PV array area of 120.28m2

and the power demand profile of habitat MG at site #4 is shown in Figure 7e. The supplied and shed PV power is
shown in Figure 7f. The battery SoC and charging/discharging profile for the habitat MG are shown in Figure 7g
and Figure 7h, respectively.

IV. Comparative analysis

In this section, the optimal PV array area and battery size and mass for 15 highly illuminated sites listed in Ta-
ble 17–9,18 near the lunar south pole are found and compared. The optimization horizon is considered 708 h (= 1 lunar
month). It is assumed that the PV arrays are installed on the top of 10m high towers. Two PV-battery MGs for ISRUs
and crew habitat, are considered each having its own PV and battery systems. Although the two MGs can share their
resources, it is not considered in this study.

The optimal battery capacity (Wh) for different candidate sites is shown in Figure 8e. It is observed that the optimal
battery size is in the order of 106 Wh for both the ISRU and habitat MGs. The mass of the battery can be found from
the battery capacity as follows4:

MB =
Ecap

SbBdod
(3)

where Ecap is the battery capacity (Wh), Bdod is the battery depth of discharge set to 80% of the battery capacity, and
Sb is the battery specific energy set to 200 Wh/kg 4. It is observed that the battery mass is in the order of 104 kg for
the individual ISRU and habitat MGs and for both ISRU and habitat systems as shown in Figure 8a. The optimal PV
array area is observed to be in the order of 102 m2 as shown in Figure 8f. The mass of the PV array considering the
mass of both the array blanket and the array structure is found using the following equation4:

MPV = (σa + σs)Aa (4)

where Aa is the PV array area, σa is the areal density of the multi-junction PV array and σs is the estimated array
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Figure 7. (a) ISRU MG optimal PV array power generation at site #4 with array area of 294.95m2 and
power demand profile (b) Supplied PV power to ISRUMG and excess PV power curtailment profile to maintain
the battery reference at 50% (c) ISRU MG battery SoC profile to maintain the battery reference at 50% (d)
ISRU MG battery charging/discharging power profile to maintain battery reference at 50% (e) Habitat MG
optimal PV array power generation at site #4 with array area of 120.28m2 and power demand profile (f)
Supplied PV power to habitat MG and excess PV power curtailment profile to maintain the battery reference
at 50% (g) Habitat MG battery SoC profile to maintain the battery reference at 50% (h) Habitat MG battery
charging/discharging power profile to maintain battery reference at 50%.

structure specific mass set to 1.59 kg/m2 and 0.55 kg/m2, respectively4. It is observed that the PV mass is in the
order of 103 kg for individual ISRU and habitat MGs and also for the integrated system as shown in Figure 8b.

The average illumination and the longest night duration of the 15 candidate sites are shown in Figure 8c and Fig-
ure 8d, respectively. It is observed that although the average illumination of sites #3 and #9 is close to 70%, the battery
size and mass of these sites are more than site #4. Along with the average illumination, it is observed that the longest
night duration plays a vital role in deciding the battery size and mass of the MG. The longest night duration of sites
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Figure 8. Comparison of 15 sites in terms of (a) battery mass (b) PV array mass (c) average illumination from
July 6, 2023, to August 5, 2023 (d) longest night duration from July 6, 2023, to August 5, 2023 (e) battery energy
(f) PV array area (g) total power demand served (h) total PV power supplied (i) mass-per-unit-load (MPUL).

#3 and #9 are 105 h and 145 h, respectively, while it is 68 h for site #4. On the other hand, although site #5 has the
longest night duration of 70 h similar to site #4, its average illumination is 47.03%, which is significantly lower than
site #4, which is 57.48%. Therefore, the battery size and mass for site #5 are higher compared to site #4 even though
both sites have a similar longest night duration. Therefore, both the average illumination and the longest night duration
affect the battery size and mass of the MG at each location.

It is observed that the battery mass dominates the mass required to be transported compared to PV array mass for
establishing a PV-battery MG on the Moon. Therefore, comparing 15 candidate sites, it is observed from Figure 8a
that site #4 has the least battery mass of 7563.46 kg and 8379.9 kg for the ISRU and habitat MGs, respectively, and for
the combined ISRU and habitat MGs the total battery mass is 15943.4 kg. Other than site #4, site #8 is the next closest
candidate site with a similar battery mass of 9237.65 kg and 10981 kg for the ISRU and habitat MGs, respectively,
and for the combined ISRU and habitat MG the total battery mass is 20218.7 kg.

The sites are also compared in terms of total PV array and battery system mass and the total power demand served.
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Figure 9. Sites in ascending order of total power demand served.

Figure 10. An overview of the workflow to find the site with the least MPUL.

The total power demand served, and the total PV power supplied at the 15 candidate sites are shown in Figure 8g
and Figure 8h, respectively. The 15 sites are also sorted in ascending order of total power demand served in Figure 9. It
is observed that site #12 and site#3 serve the least and highest total power demand of 36172.84 kW and 38616.949 kW ,
respectively. Therefore, although the 15 candidate sites differ significantly in terms of illumination time-series profile,
average illumination conditions and longest night duration, the total power demand served at each site is almost similar.

A criterion based on the ratio of the total mass of the PV-battery system mass to the total power demand served at
each site is calculated as given in Eq. (5), called mass-per-unit-load (MPUL), identifies the site serving more power
demand with less total system mass.

MPUL =
Total system mass

P total
L

(5)

where P total
L is the total power demand served during the optimization horizon. The MPUL of the combined ISRU

and habitat MGs is calculated using the ISRU and habitat MG’s total PV and battery system mass and the ISRU and
habitat MG’s total power demand served for each site. It is observed that the MPUL for all the sites is in the order
of 10−3 kg/W as shown in Figure 8i. The MPUL is the lowest for site #4 at 0.330 × 10−3 kg/W and 0.662 ×
10−3 kg/W for the ISRU and habitat MG, respectively and for the integrated ISRU and habitat MG the MPUL is
0.444 × 10−3 kg/W . The workflow to determine the optimal ISRU power demand profile, habitat power demand
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Figure 11. Approximate location of 15 candidate sites listed in Table 1 near the lunar south pole Shackleton
crater.26

profile, optimal PV and battery size, and the MPUL is shown in Figure 10.
From this analysis, it is concluded that the PV and battery size and mass of a PV-battery based MG depend on both

the average illumination and the longest night duration as battery energy is required to supply the power demand during
dark periods. However, the average illumination and longest night duration do not significantly affect the total power
demand served at each site. It is observed that the battery mass significantly dominates the total PV-battery system
mass. It is also observed that the habitat MG requires more battery than the ISRU as there are more critical loads in
the habitat than the ISRU. The ISRU power management system prepares the MG for the dark periods by storing more
oxygen and water in the respective ISRU tanks to reduce the power consumption from the batteries during dark periods.
The PV array area and mass for ISRU MG is more than the habitat MG as it is one of the highest power-consuming
units during the daytime to generate the required oxygen and water for the crew members. The approximate location
of each site listed in Table 1 is shown in Figure 11. According to previous studies, the rim of the Shackleton crater is
highly illuminated, which makes it suitable for establishing a lunar base. In this paper, it is observed that sites #4 and
#8, located on the rim of the Shackleton crater, have the lowest battery mass and the minimum MPUL.

V. Conclusion

In this paper, a comparison study was performed to investigate the optimal mass and size of the PV and battery
systems, average illumination, longest night duration, total power demand served, and total PV power supply at 15
highly-illuminated sites near the lunar south pole considering a horizon of onemonth. In the comparison study, separate
MGs were considered for ISRU and crew habitat, each having its own PV and battery systems. The power generation
profile of the PV system was determined using the Sun illumination time-series profile at these candidate sites and
assuming that PV arrays are installed on 10 m high towers. In addition, to model the power demand profile of the
ISRU MG, the oxygen and water consumption of the crew members were considered taking into account their daily
activities. The power demand profile of the habitat MG was determined considering the power consumption profile
of the wastewater filtration subsystem and the power consumed by several equipment in the habitat. It was observed
that the optimal size of the PV array and battery size and mass depend on both the average illumination and the longest
night duration at each site. Among the 15 studied sites, the winning site showed the least battery mass of 7563.46 kg
and 8379.9 kg for the ISRU and habitat MGs, respectively. The PV array mass, considering the mass of the array
blanket and the array structure at this site, is 631.61 kg and 257.40 kg for the ISRU and habitat MGs, respectively.
Finally, the sites were compared based on the ratio of total PV-battery system mass to the total power demand served,
called mass-per-unit-load (MPUL), to identify the sites serving more power demand with less total system mass. It
was observed that the winning site has the least MPUL of 0.330× 10−3 kg/W and 0.662× 10−3 kg/W for the ISRU
and habitat MGs, respectively.
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