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ABSTRACT Space mission cost and feasibility depend mainly on the size and mass of the payload. This
paper investigates the optimal photovoltaic (PV) array and battery size and mass for an islanded PV-battery
powered space microgrid (MG) at the lunar south pole. The PV arrays are considered to be installed on
top of towers to increase solar energy harvesting. Considering the dependency of the generated power from
PV arrays on the tower height, different tower heights of 10, 50, and 100 m are investigated. The paper
presents the methodology to estimate the available power from the PV system using the information of
illumination time-series at the location of potential sites with different tower heights. Besides, considering
the power demand of several power-consuming units at different operating states, the power demand profile
of the lunar base is generated. The optimal sizing of the PV and battery system for a 1-year horizon, without
considering battery degradation, results in a total mass of approximately 1.5× 105 kg to 3.5× 105 kg with a
tower height of 10 m depending on the solar illumination profiles at different sites. For a 5-year optimization
horizon of the same sites with 10 m tower height and considering the battery yearly capacity degradation,
total systemmass ranges approximately from 2×105 kg to 5.5×105 kg. Although increasing the tower height
may considerably reduce the total size and mass of the battery and PV system, the mass of the PV tower
will increase. Thus, a satisfactory trade-off in selecting the site location and tower height is required. In this
regard, 15 highly illuminated sites at different locations and with different PV tower heights are assessed
in this paper. To improve the reliability and flexibility of the power system, the multi-microgrid (MMG)
concept is deployed to distribute the power-consuming units of the base among different MGs having their
local energy production and storage systems. Finally, based on the total power demand served at a candidate
site and the corresponding total system mass, a criterion, mass-per-unit-load (MPUL), is used to identify the
sites that serve the highest power demand with less total system mass.

INDEX TERMS Space microgrids, lunar microgrids, power system sizing, site selection, lunar power
system, lunar base, Shackleton crater.

I. INTRODUCTION
Several space agencies such as National Aeronautics and
Space Administration (NASA), Japan Aerospace Exploration
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approving it for publication was Md. Rabiul Islam .

Agency (JAXA), and China National Space Administration
(CNSA) are planning to organize space missions to establish
human habitats on the Moon starting from 2024 [1],
2030 [2], [3], and 2036 [4], respectively. Several other
space organizations also have similar interests in setting up
human bases [5], [6] or heavy industries [7] on the Moon.
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This growing interest demands the development of electrical
power systems on the Moon.

A lunar base includes different power-consuming units
such as habitat, life support system (LSS), laboratories, in-
situ resource utilisation (ISRU) to utilize lunar resources for
an extended stay, as well as electrical rovers and vehicles [8],
[9], [10]. Thereby, efficient energy resources are needed
to provide the lunar base with the required power. Energy
storage systems (ESSs) are also necessary to supply the
loads during eclipses and nighttimes. Considering the hostile
environment of space, designing a reliable and efficient
power system and coordinating several energy resources and
electrical equipment in such a complex system with various
requirements are very challenging tasks. Also, it might
not always be possible to involve crew members having
expertise in all areas [11]. Therefore, an autonomous power
system ensuring reliability, resiliency, robustness, optimality,
and stability (RRROS) is highly required [12]. A lunar
electrical power system consisting of interconnected loads,
energy generation resources, and ESS can be called a space
microgrid (MG) on the Moon [8]. Moreover, different
power-consuming units in a space MG can be distributed
into several MGs having their local power generation and
storage system to form an multi-microgrid (MMG) system.
The resources in an MMG system can be shared among
the MGs to increase the flexibility and reliability of the
power system. Given the similarities of terrestrial MGs
and space MGs on the Moon, the design and operation
management strategies developed for terrestrial MGs can
also be implemented in space MGs and vice versa, when
possible [13].

On the Moon, due to the scarcity of resources, electric
power can be generated from a few sources such as solar
radiation, nuclear resources [9], and electrostatic charge
from lunar regolith [14]. Nuclear fission-based kilopower
reactors are modular, light in mass, small in size and
volume, and independent of the site location and illumination
conditions. Nevertheless, nuclear kilopower reactors need
specific shielding and must be installed at an appropriate
distance from the base to reduce the crew’s exposure
to nuclear radiation [9]. Moreover, disposing of nuclear
waste creates additional challenges and environmental issues.
Generating power from lunar regolith electrostatic charge is
still under laboratory tests [14]. On the other hand, Moon’s
atmosphere-less environment allows abundant solar energy
to reach the lunar surface, where the solar radiations are not
affected by environmental factors such as cloud coverage
and atmospheric diffusion.Moreover, solar photovoltaic (PV)
systems do not require additional heavy infrastructure for
shielding, can be easily expanded, and are well tried and
tested in space. Although several spacecraft and rovers use
nuclear radioisotope thermo-electric generator systems for
power generation [15], [16], the only habitable environment
in space International Space Station (ISS) still uses solar PV
arrays along with rechargeable batteries [17]. Installing solar
power facilities for lunar bases is investigated in [18] and [19].

There are several potential locations on the Moon to
establish a lunar base which are studied in the literature
considering the solar illumination of the sites. The authors
of [20] discuss the optimum size of the ESS depending on
the average solar illumination of candidate sites and the
worst and best case lunar days using Earth-based radar digital
elevation model (DEM). In [21], the possibility of installing
solar panels on top of towers is studied to increase the
average available illumination at a particular location, thereby
reducing the ESS requirements. Batteries and regenerative
fuel cells (RFCs)-assisted solar arrays are compared in [22]
for a 10-year period from 2020 and 2030. It is observed that
although the RFC-assisted solar array system has less overall
system mass, RFCs has a lower efficiency than batteries.
Higher efficiency of batteries results in recharging them
faster during short illumination periods. All of these studies
rely mainly on the average illumination at these sites and
investigate the possibility of reducing the ESS size at highly
illuminated lunar locations. Power system design along with
sizing of power generation and storage units for a manned-
lunar base, are discussed in [13]. In [9], considering one
lunar month (∼708 hours), it is shown that the battery
mass for a PV-battery power system is approximately
58, 000 kg. A comparison with a PV-RFC power system is
also presented. In [9], a lunar site located at 30◦ latitude with
25.8 kW constant power demand is considered. However,
according to previous studies, high latitude (∼85◦

− 90◦)
lunar polar sites are highly illuminated and, thereby, good
potential candidates for establishing a lunar base. Moreover,
non-polar lunar locations experience approximately 15 days
with continuous solar availability followed by approximately
15 days of continuous nighttime [10]. Thereby, the need for
large ESSs increases as the power demand by the critical
loads during the nighttime should be supplied from the ESSs.
Also, the optimization horizon of one lunar month
(∼ 708 hours) considered in [9] is rather small for sizing
an electrical power system.

Different locations on the Moon have different solar power
availability depending on the surrounding terrain and solar
elevation angle. Several studies [23], [24], [25] have reported
average illumination of some highly illuminated locations
near the lunar polar regions over a certain period of time.
To the best of our knowledge, sizing of a PV-battery-based
lunar power system for an extended stay of ∼ 1 year or more
at these locations is not reported in the literature. Besides,
although the average illumination gives an approximation
of the solar availability, the high terrain and low solar
elevation angle near the lunar polar regions create long
shadows [21], [26] and obstruct the solar energy availability.
Therefore, a more accurate analysis for designing the power
system of a lunar base can be achieved by considering
the solar illumination time-series profile at the candidate
location. Thus, extending the work by the authors of [9], this
paper investigates the solar power availability at 15 highly
illuminated locations on the lunar polar regions using solar
illumination time-series profiles. The information on the
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FIGURE 1. Installing solar panels on towers on the rim of craters.

power demand profile is crucial in sizing a power system to
maintain the power balance. In [9], the authors consider a
constant power demand of a certain power-consuming unit
during the lunar daytime and nighttime. However, a power
demand profile considering the operation of several power-
consuming units in a lunar base is more practical. Therefore,
this paper proposes a methodology to generate the power
demand profile considering different power-consuming units
in the lunar base and the candidate location’s daytime and
nighttime. As spacemission costs are highly dependent on the
mass of payload, this paper further proposes an optimization
problem to minimize the PV-battery system’s mass along
with the total cost per day of the battery, considering the
illumination time-series and power demand profile at the
corresponding lunar location. This paper also considers
the yearly battery capacity fading due to the calendar and
cyclic aging for an optimization horizon of 5 years. The
optimization problem is modeled and solved using Matlab-
fmincon optimization tool. Moreover, different candidate
locations are compared in terms of the required battery size
and mass, PV size and mass, average illumination, longest
continuous night, total PV power generation, and the total
power demand served. It is observed that both PV array area
(in m2) and mass (in kg) are in the order of 102, battery
size (in Wh) is in the order of 107, and both the battery
and total PV-battery system mass (in kg) are in the order
of 105. Therefore, the main contribution of the paper is to
propose an optimization framework to optimally size a PV-
battery-based electrical power system at a candidate location
considering the PV array and batterymass alongwith the total
cost per day of the battery, illumination time-series and power
demand profile for 1 year and 5 years optimization horizons.
The paper also investigates the possibility of distributing the
power-consuming units of a lunar base into several MGs
and establishing an MMG system to increase the flexibility,
efficiency, and reliability of the system. Finally, the paper
proposes a metric mass-per-unit-load (MPUL) based on the
total systemmass and total power demand served at a location
to identify the best site serving the highest power demand
with the least total system mass.

The rest of this paper is organized as follows. Assessing
solar illumination profiles at different locations on the Moon
is presented in Section II where 15 highly illuminated sites

at the lunar south pole are considered. In Section III, the
methodology for estimating the PV power generation on the
Moon, is discussed. Different power consumption units of
a lunar base, distributing them into several MGs, and the
process of creating the power demand profile are presented
in Section IV. Section V is dedicated to the battery and
PV sizing and optimization process, along with presenting
battery capacity degradation. The comparative analysis of the
candidate sites is provided in Section VI. Finally, concluding
remarks are given in Section VII.

II. SOLAR ILLUMINATION ON THE MOON
Solar illumination on the Moon depends on different
factors such as site topography, solar irradiance profile, and
partial and total eclipses. Sites with long illumination and
short darkness periods are preferred to reduce the mass
and size of the ESS, thereby lowering the lunar base’s
establishment cost. Different space missions such as Lunar
Reconnaissance Orbiter (LRO) and Clementine by NASA
and Kaguya by JAXA have helped identify several highly
illuminated locations on the rim of the ‘‘Peary’’ [9] and
‘‘Shackleton’’ [13] craters near the lunar North and South
poles, respectively. Some of the sites near the Shackleton
crater are identified to have a continuous illumination of
about six months and frequent illumination-darkness periods
for another six months [22] with continuous eclipse times
varying from 71 to 120 hours [21], [22]. In the non-
polar regions, solar illumination is available continuously
for 15 days, followed by 15 days of continuous nighttime
(earth days) [10]. Therefore, polar areas are preferred more
to establish a lunar base.

Due to the lack of atmosphere on the Moon, meteorites
threaten the safety of the lunar base. From the limited data
collected by spacecraft and radars, it is identified that the
probability of meteoroid fluxes at non-polar lunar latitudes
(0◦–30◦) are higher by 10% compared to polar latitudes (60◦–
90◦) [27]. Although polar regions have a lower probability
of getting stricken by meteorites, its possibility cannot be
overlooked, and therefore appropriate shielding strategies are
needed [28], [29]. Thus, polar regions have the advantages of
higher illumination for longer periods and a lower probability
of getting hit by meteoroids [27].

Although lunar polar regions havemany highly illuminated
locations, there are high lunar terrain elevations as observed
from the DEMs provided by the ongoing Lunar Orbiter Laser
Altimeter (LOLA) experiment by NASA [30], [31]. The low
solar elevation angles in the lunar polar regions and the high
terrain create long shadows (in the range of kilometers) [21],
[26], affecting the solar illumination on the polar sites. These
shadows reduce the available power from the solar PV panels
that can increase the PV and ESS requirements. At some
locations, the required PV and ESS can be reduced by
installing the PV panels on a tower, as shown in Fig. 1 [8].
There are some theoretical studies that show at some locations
near the lunar North pole, installing a 100m-tower can reduce
the size of the required ESS size by 4%. The duration of ESS
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TABLE 1. Some locations with high average solar illumination near the
lunar south pole at a tower height of 10 m.

operation can be further reduced by 0.2 h/mby increasing the
tower height to 300 m. It is shown that increasing the tower
height to 1500 m and 3000 m near the lunar North and South
pole, respectively, can eliminate the need for ESSs [21].

Table 1 presents the list of several locations with the
highest average solar illumination near the lunar south pole
[23], [24], [25]. Considering the Sun as a point source, the
illumination profile time-series at Site #1 from July 6, 2023,
to July 5, 2024 (1 year = 365.25 days × 24 hours = 8766
hours) at the height of 10 m is shown in Fig. 2. The solar
illumination time-series at different sites can then be used to
calculate the solar power generation profiles.

III. ESTIMATING PV POWER GENERATION
The high efficiency, radiation hardness, and mature manufac-
turing process make the multi-junction (MJ) PV cells based
on III-V semiconductor technology a suitable choice for most
of the space applications [8]. In a lunar base, despite having
the advantage of the absence of an atmosphere, the power
generation from the PV panels is dependent on the solar
intensity, panel orientation, and inclination angle, among
others [9].

The solar array output power can be calculated as
follows [9]:

PtPV = (1 − χd )fscηscAaIs sin (α + β) (1)

where χd is the percentage of dust coverage, fsc is the array
fill factor, ηsc is the solar cell efficiency, Aa is the solar
array area, Is is the solar intensity, and α and β are the Sun
elevation and PV array inclination angles, respectively. Due
to the slight variation in the Earth and Moon system orbital
eccentricity about the Sun, the solar intensity (Is) on the Earth
varies approximately from 1400 W/m2 to 1308 W/m2 [9].
However, Is on the lunar surface varies slightly by amaximum
of approximately 0.56% of that of Earth. This variation of Is
on the lunar surface is negligible, and thus the value of Is on
the Earth’s orbit can be used. The vernal equinox with an Is

TABLE 2. Parameters for calculating solar array output power.

of 1359W/m2 [9] is considered for this study. To account for
the effect of shadows on the available illumination at lunar
sites, Is is multiplied by the illumination time-series profile of
the sites as shown in Fig. 2. Therefore, the shadowing effect
due to the high lunar terrain elevations is considered while
calculating PtPV in eq. 1.

The Sun elevation angle (α) varies throughout the lunar day
from sunrise to sunset at a given latitude as follows [9]:

α =
π

2
− cos−1

[
sin (φ) sin (ψ)

− cos (φ) cos (ψ) cos
(
2π ti
td

)]
(2)

where φ is the lunar latitude, ψ is the lunar declination angle,
ti [h] is the instantaneous lunar daytime, and td [h] is the total
hours in a lunar day. The lunar declination angle (ψ) is given
by [9]:

ψ = ψmax sin
(
2πdn
dnt

)
(3)

where dn is the day number of the Earth and Moon system
around the Sun and dnt is the total number of days in one
tropical year (days).

Different parameters used in this study to calculate α, ψ ,
and PtPV are listed in Table 2 [9]. As it is assumed that the
lunar base camp has crew members and is located close to the
power system infrastructures of the base, the solar arrays are
considered to be regularly cleaned. Hence, χd is set to zero in
this study.MJGaInP/GaAs/Ge solar panels arewidely used in
space applications and have efficiencies of around 30% [32].
In this study, the solar array area (Aa) is a design parameter
and is determined based on the power required by the lunar
base.

Although the absence of an atmosphere is a boon for solar
power generation on the Moon, the null atmosphere, along
with weak magnetic fields, allows space debris and micro-
meteorites to reach the lunar surface. Moreover, ultraviolet,
nuclei/ion particles, and cosmic radiations reach the solar
cells, and electrostatic fields cause cell degradation [33]. Fur-
thermore, the operating temperature of the PV cells affects the
solar array’s lifetime. The maximum operating temperature
of the PV panels can be close to the surface temperature of
−193.15◦C to −163.15◦C near the Shackleton crater [34],
[35]. This severe temperature stress also reduces the lifetime
of the PV cells. Several passive [36] and active [37] thermal
control systems can be employed to keep the temperature
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FIGURE 2. Illumination time-series profile at Site #1 from July 6, 2023, to July 5, 2024. Illumination ‘‘1’’ shows that the solar illumination is available at
the location, and ‘‘0’’ indicates that the site is in shadow due to the low Sun elevation and high lunar terrain.

within the required operating range [38]. There are different
studies related to the degradation of PV cells on low and
medium Earth orbit spacecraft due to flux, fluence, intensity,
and energy of particle radiations. However, studies related
to particle radiations reaching the lunar surface and low
lunar temperatures are scarce. Therefore, the degradation of
PV cells on the Moon due to low temperature and particle
radiation is yet to be thoroughly investigated and is not
considered in this study.

IV. POWER CONSUMPTION UNITS OF SPACE MG
There can be different types of power consumption units
(loads) in a lunar base depending on the space mission as
shown in Table 3 [9], [10], [39]. The most probable load in a
crewedmission is the lunar base habitat for the crewmembers
consisting of LSSs for maintaining an artificial atmosphere
with oxygen, heating, and cooling, maintaining food and
water supplies, and running electrical equipment such as
computers, communication instruments, lights, and displays.
Additional LSSs’ facilities may include waste processing
and biomass composting units, contributing substantially
to the overall habitat electrical power consumption [40].
In addition to the habitat, the base may consist of laboratories
with various specialized equipment depending on the space
mission [9] along with some loads similar to that of the
habitat. Several remotely controlled or autonomous human
or non-human carrying electric vehicles (EVs) may also be
used to collect samples, transport, and perform maintenance
tasks. Therefore, charging stations are required to charge
the EVs [9], [10]. All different lunar establishments should
be in constant communication with the habitat to monitor
their vital parameters for the safe operation and security of
the lunar base. This information should also be constantly
communicated to the ground stations on Earth, which
increases the need for electrical energy.

For extended periods of stay, ISRU is desired to be
established to produce oxygen and propellants using the
lunar regolith. The ISRU consists of an electrolyzer and
several motors to scoop, filter, and transport the regolith
that is in need of electrical energy to fulfill its functions.
Additionally, thermal power is required for the catalyzed
hydrogen reduction reaction of the regolith inside a boiler [9].
This thermal energy can be supplied from electrical
heaters [9], further increasing the electrical energy demand.
Alternatively, several researchers have proposed to utilize

solar energy directly using solar concentrators and optical
waveguides [41], [42], [43].

The lunar base loads can be divided into critical and non-
critical loads. The non-critical loads can be switched off or
put into a low-power (survival/idle) state during the lunar
night and partial or total eclipses, and only critical loads
are operated to reduce the size of ESSs. As summarized in
Table 3, there might be similar loads in different sections of
the lunar base. For example, Air compressors are required
to maintain the artificial atmospheric pressure in all three
sections of the base, namely habitat, laboratory, and ISRU.
Instead of considering all the loads in a single MG, each
section of the base can be considered as an MG with its
local power production and ESS, creating an MMG system
as shown in Fig. 3b. The total power required by the
habitat depends on the number of crew members and is
estimated to be around 10 to 30 kW for approximately 2 to
5 crew members [9], [10]. The power required by the ISRU
can vary from tens to hundreds of kW for both thermal
and electrical power and is dependent on the oxygen and
propellant’s production rate and process [9], [44]. Similarly,
the power demands of different EVs and rovers depend on
their range, energy storage capacities and self-discharge rate,
lunar terrain, and the physical properties of the regolith [8],
[10]. Communication systems can also have different power
requirements depending on the frequency of communication,
transmission rate and distance, and bandwidth [9]. The
power required by the LSS may depend on the criticality of
maintaining the artificial atmosphere, the rate of waste water
filtration and so on. Therefore, different devices in Table 3
can consume varying power depending on the rate at which
the device operates. In this paper, the power consumed by
different power-consuming units is assumed to be constant
during their time of use.

A. LOAD PROFILE GENERATION AND ANALYSIS
The load profile for each site listed in Table 1 is generated
considering the solar power generation profiles of the
sites and the time of use of different loads according
to Table 3 [10], [39]. The active-state power demand of all
loads are summed for each hour over 24 hours when the
solar power is available on the site. At the time when the
solar power is not available, only the survival-state power
demand of critical loads are taken into account. The power
consumption of loads at each hour (PtL) is calculated as
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TABLE 3. Specifications of several power consuming units in different sections (Habitat (H), Laboratory (L), and ISRU (I)) of a lunar base.

follows:

PtL =


U∑
u=1

Pau(t) PtPV > 0

U∑
u=1

Psu(t) PtPV = 0
(4)

where u is a power consumption unit, U is related
to the set of power consuming units, and Pau and Psu
are the active-state and survival-state power of each
unit u at time t . Similarly, the load profile for each
section, namely habitat, laboratory, and ISRU can be
created.

V. BATTERY SIZING AND OPTIMIZATION
In this section, the optimization problem to determine the
optimal size of the battery and PV is introduced. The goal
is to minimize the mass of the battery and PV system as well
as the battery cost. Besides, there are several technical and
operational constraints that must be met.

A. BATTERY CONSTRAINTS
There are different types of ESSs that can be used in space
applications. According to [45], ESSs with energy density of
∼500Wh/l, specific energy of∼250Wh/kg, calendar life of
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∼5 years, cycle life of ∼1000 cycles, radiation tolerance, and
low temperature (∼−40°C) operational capability are desired
for space surface missions. ESSs with high specific energy
and energy density have lowermass and volume, respectively.
Different types of ESSs such as primary (non-rechargeable)
and secondary (rechargeable) batteries, fuel cells (FCs),
capacitors, and flywheels are used in space missions
[45], [46]. Utilization of different types of ESSs depends
on their time of use as well as the mission purposes.
Among these, rechargeable batteries and FCs have the desired
specifications to support the loads for long hours [45].
Lithium-ion (Li-ion) batteries have high specific energy
(∼150−200 Wh/kg) and energy density (more than 200
Wh/l) compared to other rechargeable batteries [9], [45],
[46]. Moreover, the charging efficiency of batteries is higher
than RFCs, which reduces the required time to recharge
them [22]. A more detailed comparison of RFCs and
rechargeable batteries can be found in [8]. Considering the
advantages and abundant use of Li-ion batteries for space
applications, the sites are considered to be equipped with Li-
ion batteries in this study.

Different sites on the Moon have various illumination
conditions that affect the size of the required batteries.
Depending on the mismatch between solar power generation
and the power demand, the batteries are charged and
discharged. The charging and discharging equations of the
battery are given by:

Charging: E(t + 1) = E(t) + Ptcηc1t

Discharging: E(t + 1) = E(t) −
Ptd
ηd
1t (5)

where E(t) is the battery energy at time instant t , Ptc and P
t
d

are battery charging and discharging power, ηc and ηd are
battery charging and discharging efficiencies, and 1t is the
time between two instants. Here, Ptc and P

t
d are limited by:

0 ≤ Ptc ≤ Pt,maxc

0 ≤ Ptd ≤ Pt,maxd, (6)

where Pt,maxc and Pt,maxd are the maximum power for charging
and discharging the battery. The stored energy in the battery
is limited by:

Emin ≤ E(t) ≤ Emax (7)

where Emin and Emax are the minimum and maximum
allowable energy of the battery. In this study, Emin and Emax

of the battery are defined as:

Emin = (1 − Bdod )Ecap
Emax = BmaxEcap (8)

where Bdod and Bmax are the battery depth of discharge
(DOD) and maximum charge, respectively, and Ecap is
the battery capacity. The battery energy at the end of the
optimization horizon (T ) is limited by:

E(T ) = (1 ± δ)E(0) (9)

where E(0) and E(T ) are the battery energy at the start and
end of the optimization horizon, and δ has a value between
0 and 1 to introduce a soft constraint on the final energy
condition of the battery.

The initial establishment of the lunar base can be
considered as an islanded MG as there are no other MGs or
a central grid. Therefore, the excess PV energy is stored in
the batteries while the stored energy is used to supply the
loads when the energy generation is not enough to cover the
power demand. The minimum energy charged

(
Eminc

)
and

discharged
(
Emind

)
to and from the batteries are given by:

Eminc =

∫ T

0

(
Pt,minPV − PtL

)
δt;Pt,minPV > PtL

Emind =

∫ T

0

(
PtL − Pt,maxPV

)
δt;PtL > Pt,maxPV (10)

where Pt,minPV and Pt,maxPV are the minimum and maximum PV
power generation at hour t, and T is the total number of hours
in the optimization horizon. Thus, theminimum energy stored
in the battery

(
EminB

)
can be calculated as follows [47]:

EminB = max

(
ηcEminc ,

Emind

ηd

)
(11)

In this paper, EminB is used as the initial guess for the battery
size in the optimization problem.

B. BATTERY DEGRADATION
Li-ion battery degradation depends on several factors such as
charging and discharging cycles, stress due to temperature,
state-of-charge (SOC), and time. Charging and discharging
cycles cause cyclic aging in batteries resulting in loss of
battery life and capacity fading [48]. Apart from that, the
inherent degradation in batteries over time is given by
calendar aging [48]. The cyclic aging

(
Lcyc

)
, calendar aging

(Lcal), and total capacity fade (fd ) models proposed in [48]
are given below:

Lcyc =

N∑
i

nifcyc
(
ρi, λi,Tc,i

)
Lcal = fcal

(
t, ρ,T c

)
fd = Lcyc + Lcal (12)

where N is the number of cycles, ni denotes if the ith cycle
is a half cycle (ni = 0.5) or full cycle (ni = 1), ρi is the
average SOC of the ith cycle, λi is the DOD of the ith cycle,
Tc,i is the average cell temperature of the ith cycle, t is time
instant, ρ is the average SOC, and T c is the average cell
temperature. The cyclic and calendar degradation is further
dependent on the stress due to the battery SOC

(
Sρ
)
, DOD

(Sλ), cell temperature (ST ), and time period (St) as follows:

fcyc (ρ, λ,T ) = Sλ(λ)Sρ(ρ)ST (T )

fcal (t, ρ,T ) = St (t)Sρ(ρ)ST (T ). (13)
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TABLE 4. Degradation model parameters.

The stress factors Sλ, Sρ , ST , and St are given below:

Sλ(λ) =

(
kλ1λkλ2 + kλ3

)−1
(14)

where kλ1, kλ2, and kλ3 are the battery DOD coefficients.

Sρ(ρ) = ekρ (ρ−ρref ) (15)

where kρ is the SOC stress coefficient and ρref is the reference
SOC level (usually around 0.4 to 0.5).

ST (T ) = ekT (T−Tref )
Tref
T (16)

where kT is the temperature stress coefficient and Tref is the
reference temperature (25◦C).

St (t) = kt t (17)

where kt is the calendar time stress coefficient. Different
degradation model parameters used in this study are given in
Table 4 [48].

The battery cycles and fatigue were determined using the
widely used Rainflow cycle-counting algorithm [48]. This
algorithm takes the battery SOC as input and calculates the
cycle number (0.5 for half cycle and 1 for full cycle), DOD of
the ith cycle, average SOC of the ith cycle, and cycle starting
and end times. The temperature near the Shackleton crater
is around − − 193.15◦C to −163.15◦C [34], [35], which is
much lower than the operating temperatures of the batteries.
Using the active and passive thermal control systems, the
cell temperature is assumed to be kept around the operating
temperature of 22◦C . Therefore, the loss in capacity of the
battery is calculated as:

Enewcap = (1 − fd )Ecap (18)

where Enewcap is the new reduced capacity of the battery.
Furthermore, there is a constraint for the number of battery
cycles, which is a critical degradation indicator for Li-ion
batteries, as follows:

Bcycles < Btotcycles (19)

where Btotcycles is the total number of battery cycles that
depends on the battery DOD (Bdod ) as [9]:

Btotcycles = −0.0799 B3dod + 20.035 B2dod
− 1757.6 Bdod + 57778 (20)

and Bcycles can be calculated from the output of the Rainflow
cycle-counting algorithm.

Algorithm 1 Battery Capacity and PV Array Area Optimiza-
tion
1: Calculate illumination time series considering the Sun,

Earth, and Moon three-body system
2: Estimate PV power generation using (1)-(3)
3: Generate load profile using Table 3 and (4)
4: Calculate EminB using (10)-(11)
5: Solve the optimization problem to minimize (22) using

(23)-(26) subject to constraints (5)-(9) and (12)-(21)

For space applications, cosmic and particle radiation is
also an important factor for battery degradation. Although,
in many applications, proper shielding can be employed to
protect the batteries from the harsh environment and harmful
radiation, complete protection can never be assured. There
are several data-driven models for Li-ion battery degradation
for spacecraft in low and medium-altitude Earth orbits. These
studies rely on the data collected by spacecraft and are mostly
specific to limited areas of application. Moreover, there are
studies dedicated to other factors of battery degradation,
such as battery electrodes and electrolytes. Therefore, battery
degradation due to space radiation on the lunar surface still
needs to be explored and is out of the scope of this study.

C. POWER BALANCE CONSTRAINT
The hourly real power balance is considered as:

PtPV = PtL + PtB (21)

where PtPV and PtB are the PV and battery power at each hour,
respectively, and PtB = Ptc for charging while PtB = −Ptd for
discharging.

D. OPTIMAL SIZING ALGORITHM
Establishing a lunar base involves costly space missions to
transport different equipment to the Moon. The cost of space
missions is directly proportional to the payload mass along
with other critical factors such as equipment size and stowage
area. In this study, the size of the PV array and battery mass
along with the total cost per day (TCPD) of the battery are
considered as optimization goals to be minimized. The PV
array and battery are some of the critical components of the
electrical power system of the lunar base and are among the
heavy electrical structures for transportation. In this study,
the following objective function is proposed to minimize to
size of the PV array and battery mass as well as TCPD of the
battery:

J (Ecap,Aa) = TCPD(r, l,Ecap,MC,FC)

+MB(Ecap) +MPV (Aa) (22)

where r is the interest rate for financing the installed battery,
l is the battery lifetime,MC is the battery maintenance cost in
$/kWh, FC is the first time battery cost in $/kWh,MB(Ecap)
is the battery mass, and MPV is the PV mass as a function of
the PV array area (Aa). The TCPD of the battery is considered
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as follows [47]:

TCPD =
1

365

(
AOTC(r, l,Ecap,FC) + Ecap ×MC

)
(23)

where the annualized one-time ESS cost (AOTC) is given
below:

AOTC =
r(1 + r)l

(1 + r)l − 1
FC × Ecap (24)

The battery mass in eq. 22 is [9]:

MB =
Ecap
SbBdod

(25)

where Sb is the battery specific energy, which is considered
200 Wh/kg according to [9]. Finally, the PV mass in eq. 22
is calculated as follows [9]:

MPV = σsAa (26)

where σs is the solar array structure specific mass set to 0.55
kg/m2 following [9].
It is vital to maintain the power balance in the system

while minimizing the space mission cost. The optimization
problem aims at minimizing the objective function in eq. 22
to minimize MPV , MB, and the battery TCPD. All the
constraints related to the physical operation of the battery,
as presented in the previous subsections, have been included
in the optimization problem formulation. Decision variables
are Ecap and Aa that needs to be determined to minimize
MB, MPV , and the battery TCPD using eq. 25, eq. 26,
and eq. 23, respectively. The optimal sizing of Aa ensures
that the power demand is supplied and the battery is charged
before the duration when solar energy is not available
without generating excess power than required. An overview
of the proposed optimization procedure is presented
in Algorithm 1.

VI. RESULTS
In this study, the optimal size for the battery and PV are
calculated for a number of highly illuminated candidate
sites near the lunar south pole, Shackleton crater. The
non-linear optimization problem has been implemented in
MATLAB R2020b, and fmincon solver has been chosen
to solve the problem using the ‘interior-point’ algorithm.
Two optimization horizons of 1 year and 5 years have been
considered for optimal siting and sizing of the lunar base.
Battery capacity degradation is only considered in the case
with 5 years optimization horizon. Battery cost data and other
parameters used for simulation are given in Table 5 [9], [47].
Emax and Emin are set to 90% and 20% of the total battery
capacity (Ecap), respectively. The PV arrays are considered
to be placed on top of towers with heights of 10, 50,
and 100 m.

As discussed in Section IV, the power system for the lunar
base can be designed as an MMG system or a single MG.
In the following, both cases are investigated and discussed.

TABLE 5. Battery parameters.

A. CASE 1: THE SINGLE MG DESIGN
In this case, the power system is considered as a single
MG with aggregated PV and battery storage systems as
shown in Fig. 3a. Implementing the proposed optimization
algorithm, results for the battery energy state, PV array
generation profile, power demand, and battery charging and
discharging patterns for Site #2 for the optimization horizons
of 1 year (= 8766 h) and 5 years (= 43830 h) are shown in
Fig. 4a and Fig. 4b, respectively. The PV generation profile
is estimated using the methodology described in Section III
considering the arrays installed on 10 m high towers and
with PV array area (Aa) of 303.83 m2 and 304.97 m2 for
1 year and 5 years optimization horizon respectively, obtained
from the optimization algorithm. As discussed in Section IV,
it can be seen from Fig. 4 that the power demand drops to
the survival-state when the solar power is unavailable, and
the power demand is supplied from the battery. As shown
in Fig. 4b, the maximum and minimum battery energy
capacity reduces after each year for 5-year simulation horizon
due to the battery calendar and cyclic aging as discussed
in Section V.
For different sites from #1 to #15, the optimized battery

capacity (in Wh) and mass (in kg) are in the order of 107 and
105, respectively, for both 1 year and 5 years optimization
horizon as shown in Fig. 5a, Fig. 5b, Fig. 6a, and Fig. 6b.
Both the PV array area (in m2) and mass (in kg) are in the
order of 102 for both 1-year and 5-year optimization horizons
as shown in Fig. 5c, Fig. 5d, Fig. 6c, and Fig. 6d. Also,
no significant change in the PV array area and mass are
observed when the optimization horizon is increased from
1 year to 5 years due to neglecting PV degradation. The total
system mass is then calculated by adding the battery mass
and the mass of PV array as shown in Fig. 9a and Fig. 9b for
1 year and 5 years optimization horizons, respectively.

Increasing the tower height from 10 m to 50 and 100 m
reduces the shadowing effect on the sites caused by the high
terrain at the lunar polar regions. Therefore, increasing the
tower height increases the average illumination as shown in
Fig. 10a. As the illumination increases, the longest darkness
period of the sites reduces, as can be seen from Fig. 10b.
Increasing the tower height from 10 m to 50 m increases
the average illumination approximately from 84% to 92%
for Site #2 and from 78% to 87% for Site #12. A similar
significant increase in the illumination condition is also
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FIGURE 3. Two different design approaches for the lunar base power system.1

FIGURE 4. Battery energy state, PV and power demand, and battery charging and discharging power profiles for Site #2 and the single MG case with PV
array installed at 10-m tower height for (a) 1 year without considering battery degradation (b) 5 years considering battery capacity degradation.

observed in Sites #6, #13, and #14. It should also be noted
that the illumination condition and the longest continuous
nights are different during the 5 years, and optimization
results for one year may be close to the results of other

1https://icons8.com

years but not exactly the same. A similar observation is
reported in [22]. The longest continuous night for all sites
reduces with an increase in the tower height. The increase in
average illumination and decrease in darkness period reduce
the duration for which the power demand is supplied from
the batteries, thereby reducing the battery size and mass as
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FIGURE 5. Battery and PV array size and mass for the 1-year optimization horizon for the single MG case without battery capacity degradation at
different tower heights.

FIGURE 6. Battery and PV array size and mass for the 5-year optimization horizon for the single MG case with battery capacity degradation at
different tower heights.

FIGURE 7. Total mass (in kg) of battery and PV for different sections of MMG system for the 1-year optimization
horizon without considering battery capacity degradation at different tower heights.

can be seen in Fig. 5a, Fig. 6a, Fig. 5b, and Fig. 6b. The
decrease in the total mass of the system with an increase
in the tower height can be observed in the case of single
MG in Fig. 9a and Fig. 9b. Although increasing the tower
height will increase the tower mass, the battery mass also
reduces in the order of 105 kg. Moreover, as discussed
in [49], tall towers on the Moon can also be used for other
purposes such as lighting, long-distance communication, and
power transmission using microwaves or lasers. The authors

also discuss the possibility of constructing concrete towers
as concrete can be produced on-site from lunar regolith.
Therefore, the cost of transporting the towers from the Earth
can be saved. Other than concrete, a tower frame made up
of metal trusses can also be investigated to reduce the mass
of the tower. Also, there are proposals from space agen-
cies to construct autonomously deployable and retractable
32-feet (∼ 9.75 m) high towers for solar array systems [50].
From Fig. 10a, it can be observed that for Sites #2, #5 #6,
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FIGURE 8. Total mass (in kg) of battery and PV for different sections of MMG system for the 5-year optimization
horizon considering battery capacity degradation at different tower heights.

FIGURE 9. Total battery and PV mass comparison for the 1-year optimization horizon without considering battery capacity degradation and 5-year
optimization horizon considering yearly battery capacity degradation at different tower heights.

#12, #13, and #14 increasing the tower height from 10 m
to 50 m and 100 m increases the illumination significantly.
Hence, a considerable change in the total system mass can
be observed in Fig. 9a and Fig. 9b in these sites. At Site #12,
increasing the tower height to 50 m or 100 m reduces the total
system mass from 3.57× 105 kg to approximately 1.9× 105

kg and from 5.5 × 105 kg to approximately 2.5 × 105 kg
for the 1-year and 5-year optimization horizons, respectively.
At Sites #2 and #14, increasing the tower height from 10 m
to 50 m reduces the total system mass to approximately half
of the total system mass with a 10 m-tower height for both
1-year and 5-year optimization horizons. Comparing the sites
in Fig. 10, Sites #1, #3, #9, and #15 are the most illuminated
sites and have the lowest total mass. On the other hand,
Sites #6, #7, and #10 have the lowest average illumination

and are among the sites with the longest continuous night
hours and, therefore, have the highest total system mass.
Interestingly, there is not much change in the illumination
with the increase in the tower height for Sites #7 and #11.
Therefore, the total system mass for Sites #7 and #11 does
not change considerably with the increase in the tower
height.

B. CASE 2: THE MMG DESIGN
In the case of a single MG, due to the centralized power
generation system and control, the risk of a single point of
failure can threaten the system stability, thus reducing the
reliability of the system. Besides, considering the cost and
criticality of space missions, it might not always be possible
to have expert crews on board. Thus, an autonomous, highly
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FIGURE 10. Illumination condition at different tower heights.

robust, and reliable power system is desired. The MMG
system, as shown in Fig. 3b, can benefit from power sharing
among different MGs in case of any disturbance or faults.
Therefore, the reliability of the whole power system will
increase. In this case, an MMG system is designed for the
lunar base with three MGs for habitat, laboratory, and ISRU,
as shown in Fig. 3. The total system mass for the three
MGs at different sites are shown in Fig. 7 and Fig. 8 for
1-year and 5-year optimization horizons, respectively. The
total system mass of the MMG system consisting of the
mass of the three MGs together at different sites are shown
in Fig. 9a and Fig. 9b for 1-year and 5-year optimization
horizons, respectively. It can be seen that the total system
mass of the MMG system also reduces as the tower height
increases, as observed in the case of single MG. According
to the results, the total system mass of the MMG system
(considering only themass of required batteries and PV arrays
for eachMG) is almost the same as the mass of the single MG
for all sites and for both the 1-year and 5-year optimization
horizons. Therefore, it can be concluded that the reliability
of the power system can be increased by the MMG design
without increasing the total PV-ESS system mass. However,
the total mass for the case of MMG design is expected to be
higher considering the extramass of other required equipment
such as cables, power converters, protection systems, etc.
Thus, a more detailed analysis is needed that is the subject
of the future study of the authors.

To have a fair comparison between different candidate
sites, apart from the total system mass, the total power
demand that is served at these sites should also be considered.
The maximum and average power demand served in both

singleMG andMMG cases using the active and survival-state
power demand represented in Table 3 is shown in Table 6.
The daytime average power demand of the base depends
on the active-state power of the power-consuming units, while
the nighttime average depends on the survival-state power
demand. The daytime PavgLd and nighttime average power
demand PavgLn of the base is given by:

PavgLd =

Td∑
t=0

PtL

Td

PavgLn =

Tn∑
t=0

PtL

Tn
(27)

where Td and Tn are the total number of day and night hours,
respectively. The peak-to-average ratio (PAR) of the load at
the day PPARLd and night PPARLn hours is given by:

PPARLd =
maxPtdL
PavgLd

PPARLn =
maxPtnL
PavgLn

(28)

where PtdL and PtnL are the load power at each hour during the
day and night, respectively. In this paper, to select the best site
for establishing the lunar base, a criterion based on the total
power demand served at a site, and the corresponding total
system mass is introduced. The total power demand served at
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TABLE 6. Daytime and nighttime maximum and average power demand.

FIGURE 11. PV generation, total power demand, and total mass to total power demand ratio for the 1-year optimization horizon
for the single MG case at different tower heights.

FIGURE 12. PV generation, total power demand and total mass to total power demand ratio for the 5-year optimization horizon
for the single MG case at different tower heights.

the site is given by:

PtotalL =

T∑
t=0

PtL (29)

where T is the total number of hours in the optimization
horizon. Then, the ratio of the total systemmass to total power
demand served at each site is called as mass-per-unit-load
(MPUL) and is calculated as follows:

MPUL =
Total system mass

PtotalL

(30)

The total PV array power generation, total power demand,
and the MPUL ratio for 1-year and 5-year optimization
horizons for each site are shown in Fig. 11 and Fig. 12,
respectively. The sites with the least MPUL are desired as
they can serve more power demand with less total system
mass. It is observed from Fig. 11b and Fig. 12b that Sites
#1, #3, #9, and #15 serve the highest power demand with
10-m tower height for both 1-year and 5-year optimization
horizons, which is approximately 7.8 × 108W and 3.9 ×

109W, respectively. However, Sites #3 and #15 have the least
MPUL among them for both 1-year and 5-year optimization

8714 VOLUME 11, 2023



D. Saha et al.: Optimal Sizing and Siting of PV and Battery Based Space MGs Near the Moon’s Shackleton Crater

horizons, which is approximately 1.7×10−4 kg/Wand 5.1×

10−5 kg/W, respectively. If the tower height is increased
to 50 m, Sites #1, #2, #3, #9, #14, and #15 have a low
similar MPUL of approximately 1.3× 10−4 kg/W for 1-year
optimization horizon and Site #14 has the least MPUL of
1.2375 × 10−4 kg/W. For the 5-year optimization horizon
and with 50 m tower height, Sites #1, #14, and #15 have
approximately similar MPUL of almost 3.6 × 10−5 kg/W
and Site #14 has the least MPUL of 3.53 × 10−5 kg/W.
With increasing the tower height to 100 m, Site #1, #3, #9,
#14, and #15 have a low similar MPUL of approximately
1.05 × 10−4 kg/W and 2.9 × 10−5 kg/W, respectively for
both 1-year and 5-year optimization horizons. Among these,
Site #14 has the least MPUL of 1.0446 × 10−4 kg/W for 1-
year and 2.879×10−5 kg/W for 5-year optimization horizon.

VII. CONCLUSION
This study was dedicated to optimal sizing and siting of a
PV/battery space MG considering the battery storage system
cost and mass, as well as the mass of PV arrays. Highly
accurate solar illumination time-series were used to estimate
the PV power generation profile at 15 highly illuminated
candidate sites considering the PV arrays on towers with
different heights of 10, 50, and 100m. Power demand profiles
of different power-consuming units in a lunar base and their
time of use were identified. The PV power generation profile
alongwith the information of the power demand, were used to
optimally size the PV array and battery system. The optimal
sizing problem was solved for an optimization horizon of
1 year without accounting for battery capacity degradation
as well as a 5-year optimization horizon taking into account
yearly battery capacity degradation due to the calendar and
cyclic aging. It was observed that the total system mass
considering only the mass of PV array and battery systems
are approximately in the range of 1.5 × 105 kg to 3.5 ×

105 kg for the 1-year optimization horizon and 2 × 105 kg
to 5.5 × 105 kg for the 5-year optimization horizon with
a tower height of 10 m depending on different site’s solar
illumination profiles. For the same sites, if the tower height
is increased to 50 m and further to 100 m, the total system
mass varies approximately from 1 × 105 kg to 2.25 × 105 kg
and from 1.5× 105 kg to 3.25× 105 kg for the 1-year and 5-
year optimization horizons, respectively. Although increasing
the tower height increases the total system mass due to
the extra mass of the tower, the reduction of the battery
mass is in the order of 105 kg. Moreover, tall towers can
be used for other purposes such as lighting, long-distance
communication, and power transmission using microwaves
and lasers. To increase the reliability of the islanded space
MG, this study also proposed designing the power system in
the form of an MMG system. It was observed that the MMG
system has approximately the same mass as a single islanded
MG considering only the mass of required batteries and PV
arrays for each MG. Evaluating the extra mass required for
other equipment such as cables, power converters, protection
systems, etc. is the subject of future studies by the authors.

Finally, a criterion based on the total power demand served
at a site and the corresponding total system mass was defined
to identify the sites that serve the highest power demand with
the least total system mass. Comparing the performance of
different optimization algorithms for the sizing problem of
space MGs is considered as a future work by the authors.
In addition, studying the effects of uncertainties such as
malfunctioning of equipment, communication system failure,
or hitting system’s infrastructures by meteors on the sizing
of the PV-battery based MG is among the future research
directions that are considered by the authors.
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