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The Moon Village master plan is an architectural concept for a sustainable, international human outpost
on the rim of Shackleton Crater near the lunar South Pole.  This site receives nearly continuous sunlight
throughout the lunar year, providing a clear benefit for human psychological needs and technically, as it can
greatly contribute to solar power generation. In general, a solar panel would need to be oriented vertically,
facing the horizon, while rotating 360° to track the Sun, which varies in elevation angle by only some +/-1.5°
at the proposed location. To support a growing settlement, an array of several panels could be installed within
a ground area. This faces the problem, however, that panels currently exposed to the Sun may occlude those
behind, lowering the total exposure and making some configurations ineffective if many panels remain highly
occluded. This problem was studied by comparing the simulated exposure of various array configurations
during a lunar daily cycle.  First  ground spacing was considered for arrays of 2 to 5 panels.  Mean total
exposure was found to increase by up to 66% if the array's circular ground area diameter was increased to
three times the minimum, while the actual array configuration had a small effect. For predefined square
ground areas, several versions of six array types were tested. For smaller numbers of wider panels, several
configurations offered similar mean exposures. Filling the available area with more, narrower panels could
result in a gradual increase in mean exposure, or a decrease due to more gaps between panels. The Arrow
array achieved ~96% of the available mean exposure using the least  total  panel area, while the X-array
provided similar mean and full  minimum exposure using the  least  panel  area.  Hexagonal  configurations
provided ~98% of the available mean, and the full minimum, using more panel area.

I. Introduction
THE Moon Village master plan, a collaborative work between Skidmore, Owings & Merrill LLP and the European
Space Agency (ESA), is a concept for building a growing, international settlement near the lunar South Pole.1,2 The
Village would be located at the rim of Shackleton Crater, to take advantage of the favorable illumination conditions
that have been determined to exist there.4-7 Figure 1 shows a concept of semi-inflatable habitat modules deployed at
the site.1,2

At these extreme latitudes, and due to the Moon's small tilt with respect to the ecliptic, the Sun is always near the
horizon, circling the pole and varying in elevation angle by only some +/-1.5°.7 At certain points of high terrain in
the  region,  the  Sun  remains  visible  even  at
negative elevation angles. This results in periods
of constant illumination of over 200 Earth-days,
with the longest periods of darkness being 5 to 6
Earth-days.6,7

This  high  degree  of  illumination  would  be
beneficial  from a human psychological  point  of
view  compared  with  the  situation  at  equatorial
latitudes, where daylight lasting 14 Earth-days is
followed by an equal period of darkness. Another
challenge  at  equatorial  locations  is  providing
enough electrical energy during the night. While
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Figure 1.  Moon Village concept showing habitat modules.1,2



this can be readily provided by photovoltaic solar panels during the day, night-time power would rely on storage
equipment  such  as  batteries  or  regenerative fuel  cells  (RFC),  adding mass to  the  system.  The high amount  of
illumination at the Shackleton site means that power storage and therefore mass requirements are less challenging.
Figure 2 shows a concept of a solar power array and 3D printed regolith structures at the Moon Village.2

An additional consequence of the illumination conditions at the lunar South Pole is that some crater floors are in
constant  darkness  throughout  the year,  preserving large quantities  of frozen volatiles  such as water  ice.1 These
valuable resources could possibly be mined for life support, fuel and other uses, providing further motivation for
selecting this site.

A solar panel at the Moon Village location would need to be oriented vertically to face the Sun at the horizon,
while rotating 360° to track it during the lunar day. One challenge, if generating power with an array of several
panels distributed over a ground area, is that those currently exposed to the Sun will cast long shadows and may
occlude those behind them. This would lower the total exposure and make some array configurations ineffective if
many panels remain mostly occluded.

This problem is studied here by using a simulator which calculates the exposed total panel area of various solar
array configurations as they track the Sun during a full 360° daily cycle. The study first investigates how the ground
spacing and configuration of arrays of 2 to 5 panels affects the mean exposed panel area. Predefined rectangular
ground areas are then studied, to find out which array configurations cover the available area most effectively, for
example by using the least number of panels or total panel area.

The next section presents related work on the subject of lunar South Pole illumination and solar power systems
for  the  lunar  surface.  Section III  then  presents  the  method  for  this  study,  including  the  simulator  which  was
developed and the approach taken for evaluating the solar array configurations. The main results and analysis are in
Sections IV and V, followed by the conclusion and areas for future work.

II. Related Work
The existence of highlands in continual sunlight at the lunar poles was theorized as early as 1837.3 Limited

topographical studies of these regions are possible using Earth-based radar data,4 though detailed study has only
been possible using orbital imagery and altimetry from lunar probes such as Clementine (USA, 1994),4 SELENE
(Japan, 2007-2009),5 and the Lunar Reconnaissance Orbiter (LRO) (USA, 2009-present).6,7 

Illumination studies have identified several important considerations. These include studying the full 18.6-year
lunar precession cycle, to account for  lunar days with worst-case illumination conditions,6,7 and determining the
duration of shadowed periods, for planning energy storage requirements.4 Also important is to characterize the slopes
at these sites for future landers.7
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Figure 2.  Moon Village concept showing 3D printed regolith structures and solar power array.2
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It  has  been  noted  that  solar  illumination  can
significantly  increase  at  heights  of  2 m  to  20 m
above  the  surface,  where  shadowing  from
surrounding terrain is reduced.5-7 Solar panels could
thus be mounted on masts, which also increases the
ground  area  available  with  high  illumination.5,7

Proposals  have even been made for  using towers
100 m,  400 m,  and  over  1 km in  height  to  reach
higher levels of illumination, as well as connecting
high-illumination  sites  with  power  transmission
equipment.4 For  a  system  to  be  mass-optimized,
however, the extra structures needed for towers and
transmission would need to be balanced with the
mass of extra power storage.4

Gläser et al. used high-resolution LRO data to
study locations of interest at the lunar South Pole
region.7 At 2 m above ground, two Shackleton Rim
locations  with  areas  of  70 000 m2 and  12 000 m2

were found to have illumination over 70%, meaning the average amount of the solar disk visible during the lunar
day.7  The  Connecting  Ridge  site  between  Shackleton  and  de  Gerlache  Craters  was  also  confirmed  to  be
advantageous.7 At 2 m above ground, illumination levels there can reach 88%, with the shortest period of darkness
being 4.58 Earth-days, and longest continuous period of light being 233.87 Earth-days.7

In terms of power systems for lunar settlements, an early study by Boeing was made for equatorial latitudes, with
solar power generated during the day and stored in RFCs for the night.8 Haese et al. presented a mission analysis for
long-term missions based at the South Pole.9 These were limited to crews of four staying up to 70 Earth-days, with
energy requirements of up to 1100 kWh per Earth-day. Power system elements included a combined unit  with
2500 kWh of fuel cell storage and a solar panel supplying 28 kW, thus two of these units would presumably suffice.9

Polit-Casillas et al. presented a modular,  scalable solar power infrastructure design for the lunar South Pole
region.10 This would be in support of a manned base with an initial power requirement of 500  kW (~35 kW for the
habitat and operations, the rest for in situ resource utilization (ISRU) activity), requiring 1300 m2 of solar panels.
Various configurations of horizon-facing solar panel clusters mounted on a vertical stand were considered, mounted
4 m  above  the  ground  to  help  minimize  shadowing  from  the  surrounding  terrain.  The  favored  cluster  design
consisted of six panels, 5.5x14 m each (77 m2) , mounted horizontally in three rows of two panels, giving a total area
of 462 m2  (see Figure 3). The stowed configuration, also shown in the figure, fits into a 4.5 m-diameter payload
fairing, while the mass is estimated to be 4006 kg. To meet the total base power requirements, at least three of these
clusters would be needed.10 Deployment of the clusters could be accomplished by mobile gantry robots proposed as
part of the Planetary Autonomous Construction System (P@X).11 
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Figure 3.  Design for lunar South Pole solar panel cluster
proposed  by  Polit-Casillas  et  al.,10 showing  stowed  and
deployed  configuration.  Total  cluster  dimensions  are
approximately 30x15 m, mounted 4 m above the surface.
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Table 1: Power study for solar panel area required per Moon Village habitat module,  for solar-battery
system (left) and solar-RFC system (right).12  f = a/d + (1-c)a/d/e/d/c ;  g = f/b



Table 1 presents a solar power study by the ESA Concurrent Design Facility (CDF) for a Moon Village habitat
module requiring 59 kW, using Lithium-ion batteries (at left) and RFCs (at right) for energy storage.12 The study
assumes: a maximum darkness duration of 120 hours, which is used to size the energy storage; accumulated sunlight
of 80%; and 90% overall efficiency for Power Management and Distribution (PMAD). For the RFC system, the
lower round-trip energy storage efficiency (0.55 vs. 0.95) means a higher solar panel area per habitat module is
required (329 m2 vs. 282 m2), though its storage mass is substantially lower (10 tonnes vs. 65 tonnes).12

Another important consideration at the lunar South Pole is the legal question, especially as the extent of high-
illumination areas may only measure some tens of thousands of square metres,  depending on the height above
ground. Elvis et al. studied this problem with the hypothetical deployment of a solar radio observatory, pointing out
ambiguities in the 1967 Outer Space Treaty which could limit further access to the site by other parties. 3 Possible
regulatory frameworks for the sharing of limited resources such as high-illumination areas are also discussed.3

Most  of  the  related  work  has  focused  on  studying  the  illumination  conditions  at  the  lunar  polar  regions.
Suggestions were made for mounting panels on masts to increase solar exposure, though arrays of several panels or
clusters deployed across a site have not been investigated. The work of Haese et al. 9 and Polit-Casillas et al.10 leads
to the conclusion that more than one solar panel cluster would be required for an initial base, but the question of
spatial  arrangement  and  occlusion  remains.  This  paper  makes  the  next  step  by  comparing  various  solar  array
configurations and identifying favorable spatial arrangements, which could be used to provide power for a growing
settlement.

III. Method
This section first describes the simulator that was developed for evaluating various solar arrays, followed by the

approach for making these evaluations. Various assumptions that were made are also discussed.

A. Solar Array Simulator
A simulation environment  was developed to calculate the area of  an array of  solar  panels  which would be

exposed to the Sun as it revolves around the site, accounting for occlusion of panels by other panels. The simulator
was developed using GNU Octave, an open-source numerical computation environment.13

In the simulator, a surface is rendered representing the solar array site, which is assumed to be flat. The Sun is
rendered as a red sphere at specified elevation angles, and during a simulation it revolves 360° around the site to
simulate a daily cycle (see Figure 4). The angular distance (azimuth) traveled in one time step can be adjusted, but
here 5° is  used. The Sun is rendered close to the site for illustration purposes,  but  all  incoming light rays are
assumed to be parallel, with the incidence angle defined by the line from the Sun to the origin of the array reference
frame (centre of array at ground level).

Here, panel refers to a standalone unit consisting of a structural mast deployed on the lunar surface, holding up a
solar panel or cluster thereof. During a simulation the panels rotate about their masts in order to track the Sun. The
array refers to the collection of all panels deployed over the ground area. All solar panels tested here are rectangular,
to simplify the exposed area calculations.

Various parameters can be modified in the simulator, including the number of panels, their locations, dimensions,
orientations, and mounting heights. Figure 4 shows two sample arrays: a square box configuration at left, and an X-
shaped array at right, both occupying a 100x100 m area. The bottom panes of both subfigures show how the array
currently appears from the Sun's point of view. At left the Sun is at a 5° elevation angle, while at right the elevation
angle is 0°, which is used for all further simulations presented here.

At each time step (5° in azimuth along horizon) as the Sun revolves 360° around the site, an algorithm calculates
the visible area of the array from the Sun's viewpoint, neglecting any parts of panels which are occluded by those in
front.  This  information is  then  saved  and  the overall  results  for  a  certain array  can be evaluated,  such  as  the
minimum and average exposed area during the lunar daily cycle. The simulator does not calculate the overall results
for individual panels in the array. This might be a useful feature for future studies so that highly-occluded panels
could be identified.

B. Approach
Finding the best solar array configuration for an available ground area is a type of optimization problem, where

the goal might be to maximize the mean total panel area exposed to the Sun over a lunar day (to increase power
generation), while using the fewest panels or lowest total panel area (to reduce cost). The problem is studied here
using a trial-and-error simulation approach, whereby arrays are constructed based on geometrical considerations and
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then compared. The goal of this approach is to get a first idea of different factors which affect the arrays, and what
some beneficial arrays might look like. Using algorithms to randomly generate and search through large numbers of
possible arrays is an alternative approach that could be used in future work.

This study of array configurations is divided into two parts:  panel-based and  ground area-based. The panel-
based study takes a given number of identical panels (ranging from 2 to 5), and investigates the effect of geometrical
layout and ground spacing on the mean total panel exposure during a lunar day. This is motivated by the situation in
the initial phase of the settlement, when only a small number of panels have been deployed and there is presumably
plenty of space available.

The  ground area-based  study takes  a  specified  ground  area  and  compares  arrays  which  fill  the  area  using
different layouts and numbers of panels. This might be the situation later in the development of the settlement, when
more panels have been delivered and the goal is to maximize solar power generation using the available area. Here
the panel width can vary from one array to another, in order to test more arrays that fit in the area.

The exact extent of the high-illumination area at the proposed site is unknown, as is the designated solar array
ground area in the eventual Moon Village design. The goal of this two-part analysis is to therefore achieve some
general results which could be useful for planning solar arrays with various numbers of panels and various ground
areas. These studies are presented in Sections IV and V.

C. Assumptions
The panels used here are modeled after the rectangular cluster configuration proposed by Polit-Casillas et al.

shown in Figure 3.10 This cluster already features a detailed design, and was shown to have benefits compared with
several other cluster configurations.10 Any distance between the individual cluster panels is not considered here for
simplicity, thus the cluster of six panels is modeled as one large unit (henceforth referred to as a  panel), with a
height  of  15 m  and  maximum  width  of  30 m.  For  comparison,  each  of  the  eight  solar  array  wings  on  the
International Space Station (consisting of two panels) measures 35x12 m.

The panels here are rendered with the bottom edge 4 m from the ground, again following the design of Polit-
Casillas et al.10 Elevating panels has been proposed as a way to avoid some occlusion from the surrounding terrain,
though here it is only for visualization purposes. In the simulator, panels can only be occluded by other panels, and
shadowing from surrounding terrain or other structures in the Moon Village concept is not considered. 

To avoid any occlusion between panels during a 360° solar cycle, each could be mounted at a different elevation
with sufficient vertical spacing between, however this would require higher and higher masts as more panels are
added. Actuated elevation could reduce the vertical space required, by constantly reconfiguring the array during the
solar cycle. The benefit of less occlusion would have to be weighed against the extra structural mass and complexity.
Here uniform panel elevation is assumed for simplicity, with elevation variation left as another area for future work.

A minimum spacing of 1 m between panels is assumed to be required for all array configurations, to avoid
collisions. The central masts of two 30 m-wide panels could thus be mounted 31 m apart at the closest. Variations in
panel width are rounded to increments of 1 m, and all panels in a given array are identical. The 1 m increment
limitation is an arbitrary simplification, which results in variations in spacing between panels for different arrays.
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Figure 4.  Simulations to determine solar array exposure to Sun (represented by red dot), with global view
(top) and view from Sun (bottom) for two arrays. Sun elevation angle is 5° (left) and 0° (right).
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All  panels  are  oriented  vertically,  thus  they  do  not  track  the  Sun in  terms  of  elevation  angle.  This  is  for
simplicity, to avoid the need for an additional actuated degree of freedom. Furthermore, in all simulations here the
Sun is kept at a constant elevation angle of 0° as a simplifying approximation (actual range being about +/-1.5°).

Finally, the main performance indicator used here for an array is the average exposed total panel area during the
simulated lunar daily cycle. The minimum exposed area may also be important since it represents the worst case for
power generation, but it is assumed that the storage system would be able to compensate for periodic reductions
below the mean using excess power generated during periods of exposure above the mean.

IV. Panel-Based Study
The panel-based study simulated a lunar daily cycle for various array configurations of 2 to 5 panels, all 30  m

wide by 15 m high. These were deployed over ground areas bounded by a circle with a diameter ranging from the
minimum for each particular array, to 400 m. The array configurations and results are shown in Figure 5, with the
total panel area marked by the dashed line in the plots. The smallest diameter for each configuration was defined by
the minimum 1 m spacing between panels, thus for Binary this was 61 m, for 3-Line 92 m, etc.

All four plots show that significant increases in mean exposed area can be achieved by spacing the panels farther
apart, with the increase beginning to plateau around the 400 m diameter mark. The dotted lines in each plot indicate
the increase in diameter to 3 times the minimum for the Binary, Triangle, Square and Pentagon arrays. This results in
the mean exposure increasing by 17%, 40%, 55% and 66 %, respectively.

In general, the arrays which distribute the panels around the perimeter of the circular boundary (i.e. Triangle,
Square, Pentagon) seem to offer the best results, but the differences between configurations for a given diameter are
relatively small. The linear arrays would have more variation in their exposure, since twice during a solar revolution
only one panel is exposed while occluding all others behind (with a 0° solar elevation angle), however this variation
could be balanced with the energy storage system.

V. Ground Area-Based Study
Given a designated ground area for a solar array, and the same height of all panels in the array, the 3D bounding

box  available  for  all  panels  would  have  the  shape  of  a  prism with  a  base  of  the  ground  area,  and  a  height
corresponding to that of the panels. Figure 6 (top) shows an example of four panels of width  w installed at each
corner of a square area. If the mounting axes are separated by distance d along the sides, the square bounding box
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  (a) Binary   (b) 3-Line  (c) Triangle    (d) Tetra    (e) 4-Line (f) Square        (g) X      (h) Pentagon   (i) 5-Line

Figure 5.  Effect of spacing on mean solar array exposure during lunar day for arrays of 2 to 5 panels, with
Sun at 0° elevation angle. Ground diameter D ranges from the minimum for each array to 400 m. Array
examples shown in plan view with (a-h) D = 140 m and (i) D = 170 m. All panels 30 m wide by 15 m high. 
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area has a side length of L = d+w. It should be noted that a zone exists at each corner which is beyond the reach of
the panels due to their circular footprint (see Figure 8 (a)).

Solar exposure of the array will be maximized by using the full available width of the bounding box facing the
Sun at any time. From a solar elevation angle of 0°, the projected width of the bounding box will range from the
square length L, when facing one of the sides (Figure 6 top-left), to  L√2, when facing one of the corners directly
(Figure 6 top-right). Thus to maximize power generation, all four corners of the bounding box should be covered by
panels, to account for all greatest-width cases. Other panels then need to fill the gaps between the corners. 

For a circular ground area, panels need to be placed around the perimeter in order to maintain the full apparent
width, which remains constant (Figure 6 bottom). In this section, however, rectangular areas will be studied.

One approach for minimizing the panels needed to cover an area is to find the shortest total length of lines which
fill the gaps between the corners, then arrange panels along the lines. Figure 7 shows five basic configurations for a
square area. The actual value of d depends on both the outer square length and panel width. The total length LT of the
filling lines ranges from 4d for a Box array (Figure 7(a)), to 2.7d for the Arrow array (Figure 7(e)). From this initial
analysis,  the  Arrow array  would  be  expected  to  cover  the  area  most  efficiently.  Other  factors  affecting  these
configurations are discussed next.
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Figure 6.  Illustration of 3D bounding box encompassing solar array deployment space with square base ( top),
and the variation of its apparent width from the Sun's point of view, at 0° elevation angle, as it circles the site.
Panels filling a circular area maintain a near constant apparent width (bottom).
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     (a) Box array          (b) Z-array    (c) H-array       (d) X-array    (e) Arrow array
             LT = 4d     LT = d(2+√2) ≈ 3.4d LT = 3d      LT = 2d√2 ≈ 2.8d      LT = d(2+½√2) ≈ 2.7d

Figure  7.  Five basic solar array types (plan view) which fill gaps between corners of square area, and
corresponding total length LT of filling lines. Distance d separates centres of corner panels along sides.



A. Additional Considerations
Some geometrical  considerations were identified when constructing and comparing various arrays.  One was

alluded to earlier in this section regarding the corner zones of a rectangular ground area. Since each panel occupies a
circular area due to the panel rotation, a panel can only extend towards the corner until the circle touches both
boundaries. Arrays with smaller panels therefore have an advantage since they can extend closer to the corners,
potentially covering closer to the full bounding box area (Figure 8(a)). Arrays with larger numbers of smaller panels
will also have more gaps between panels. Depending on the layout, this can let more sunlight through, resulting in a
possible disadvantage (Figure 8(a)).

An orthogonal  layout such as  the Box or  H-array (Figure 7(a,c))  will  permit  sunlight to  pass through gaps
orthogonally (Figure 8(b)). This reduces the minimum exposure, but when light approaches diagonally, close to the
the maximum bounding box exposure is captured (Figure 8(b)).

The minimum exposed area of the bounding box may be an important parameter, since this represents the worst
case in terms of power generation. Capturing the full minimum can be achieved with an overlapping, staggered
panel arrangement, such as an X-shaped (Figure 7(d)) or checkered array (Figure 8(c)). Though these layouts will
capture the full minimum, light will pass through gaps diagonally (Figure 8(c)), reducing the maximum exposure.

An alternative is a triangular or hexagonal “Hex” arrangement, which can block light from passing through in all
directions (Figure 8(d)). This is illustrated by the light rays approaching the gaps in the principal directions, every
60° from the vertical. For a panel width  w, the Hex geometry has a maximum distance of 2w/√3 between panel
centres, or ~1.15w, in order to block approach vectors tangential to neighboring panel footprints (dotted line). The
1 m panel width increment limitation used here can in some cases result in non-optimal spacing for Hex arrays. In
this example, the Hex geometry does not fit the full square space. It can, however, be split into parts to cover the
corners or edges of an area, with protrusions towards the centre completing the area coverage (Figure 9(d,h,j-o)).

B. Ground Areas and Array Configurations
The first ground area studied was a 100x100 m square, which was chosen as an arbitrary starting point. Several

array configurations were tested, mostly represented by the five types in Figure 7. The H-array can alternately have
the panels along the central horizontal line shifted to one end to form a “U” shape, which yields similar results but is
not included here. The Checker array was an additional type included (Figure 8(c)), which consists of an outer box
and half inner box to block the gaps orthogonally. 

Over 100 arrays were tested in total, with 15 examples shown in Figure 9. For a certain type of array, several
versions were typically tested,  beginning with the smallest  number of  panels of maximum possible width (e.g.
Figure 9(a-d)). After this, the number of panels was increased to the next possible amount, while decreasing the
panel width by increments of 1 m to maintain the minimum 1 m spacing (e.g. Figure 9(e-n)). The results included
here are for arrays of up to 32 panels, with a panel width down to 11 m. The naming convention used was based on
the number of panels along one side or the diagonal of the area (Figure 8(c) is “5-Checker”).

When constructing the Arrow array, the panel width is sized based on the number of panels along the square side
(Figure 9(b,f,i)). To cover the half-diagonal portion, the number of panels used is rounded to the nearest which fits
from the corner to the line tangent to the two nearest corner panel footprints (see Figure  7(e)). The 3-Arrow array in
Figure 9(b) is an exception, with only the corner panel covering the diagonal.
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       (a)    (b)       (c)     (d)
Figure 8.  General considerations for solar array design (plan view): (a) smaller panels can cover more of
bounding  box  at  corners,  but  have  more  gaps  between panels;  square-based  layouts  have  gaps  either
(b) orthogonally or (c) diagonally; (d) a hexagonal layout can block all gaps, but may not fit square space.
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“Z” type arrays (Figures 7(b) and 9(d,h,j-n)) are based on the Hex geometry (Figure 8(d)). These arrays consist
of  two rows  of  panels  on  opposite  sides,  joined  diagonally  across  the  middle.  Placing  the  diagonal  panels  at
locations which fit the Hex pattern can help to block the gaps around the array, illustrated in Figure 9(j,n). Panels are
sometimes shifted from Hex locations in order to use fewer panels, and to create a straight connection between the
Hex patterns from either side,  which often do not align. Figure 9(l,m) indicates available Hex pattern locations
which  are  unused.  In  some cases  gaps  remain  as  a  consequence  of  using  fewer  panels.  The Hex8-X array  in
Figure 9(o) is a variation which uses more panels, and is also a case where the Hex patterns from each side nearly
align, allowing for a continuous Hex structure.

Included in Figure 9 are array specifications and the minimum and average exposed area during the simulated
lunar day. The full bounding box has a minimum exposed area of 1500 m2, mean of 1903 m2 and maximum of
2121.3 m2. These 15 examples are ordered by number of panels, and were selected since they each had the highest
average exposed area out of all arrays tested with the same number of panels.  Each of these also has an average
exposure which is at least 5 m2 greater than the previous best array of fewer panels. Thus the examples give an idea
about the best arrays which were found for a given number of panels. The 5-X array is included (9 panels, same as
the 4-Arrow array) since it covered the full minimum bounding box area with the fewest panels (Figure 9(e)).

Rather than sorting the arrays by number of panels, total panel area could also be used. In some cases, an array
will have a higher total panel area than another with more, narrower panels (e.g. Figure 9(d,e)). Lower total panel
area may be important for reducing mass and cost, however fewer panels have the benefit of less unit deployment
and fewer structural masts. Since it is unknown what panel dimensions might ultimately be used, ordering the results
by total panel area may allow for a more general analysis to compare different array geometries. Both criteria are
therefore used in Figure 12(a,b), which shows plots summarizing the minimum and mean area visible during a lunar
day for 46 different arrays tested in the 100x100 m area.

Figure 10 shows how the total exposed area changes over a half lunar day for the bounding box and the best
version found of each array type. The plot, which repeats for the 2nd half of the day, shows how the gaps between
panels, or lack thereof, affect the different array types. The lower minima for the Box, H- and Arrow arrays are
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          (a) 3-X        (b) 3-Arrow   (c) 3-H      (d) Hex3-Z    (e) 5-X       (f) 4-Arrow       (g) 4-H

No. of Panels N = 5 6 7 8 9 9 10

Panel Width w = 30 m 30 m 30 m 30 m 25 m 24 m 24 m

Tot. Panel Area AT = 2250 m2 2700 m2 3150 m2 3600 m2 3375 m2 3240 m2 3600 m2

Min. Exposure Xmin = 1350 m2 1350 m2 1350 m2 1491 m2 1500 m2 1460 m2 1440 m2

Avg. Exposure Xavg = 1634.7 m2 1709.6 m2 1768.4 m2 1781.4 m2 1787 m2 1794.5 m2 1800.6 m2

   (h) Hex4-Z     (i) 5-Arrow     (j) Hex5-Z   (k) Hex6a-Z    (l) Hex6b-Z    (m) Hex7-Z    (n) Hex8-Z     (o) Hex8-X

N = 11 12 14 17 18 21 25 32

w = 24 m 19 m 19 m 15 m 15 m 13 m 11 m 11 m

AT = 3960 m2 3420 m2 3990 m2 3825 m2 4050 m2 4095 m2 4125 m2 5280 m2

Xmin = 1500 m2 1462.5 m2 1500 m2 1500 m2 1500 m2 1500 m2 1499 m2 1498.8 m2

Xavg = 1806.3 m2 1812.5 m2 1822.3 m2 1828.1 m2 1834.9 m2 1842.6 m2 1850.5 m2 1858.2 m2

Figure  9.  Examples of solar arrays tested in the  100x100 m  area (plan view), with all  panels 15 m high.
Exposed area of bounding box has minimum of 1500 m2 and mean of 1903 m2.
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caused by orthogonal gaps (Figure 8(b)), while the lower maxima for the Arrow (half of the time), X- and Checker
arrays are caused by diagonal gaps (Figure 8(c)). The Box, H- and Checker arrays otherwise follow the bounding
box curve well. The Hex array generally tracks the bounding box area best due to the lack of gaps.

Larger ground areas were also studied, first by doubling linearly to 200x100 m, to investigate a non-square area
(Figure 11). Extending the array linearly will have the general problem that when the Sun is facing the narrow end
of the ground area, the same worst-case minimum exposed area situation occurs as with the initial square area. This
may necessitate more power storage to deal with the higher variation in exposed area. Five basic array types were
constructed for this area (Figure 11), similar to some of the previous square versions. The results for 27 arrays are
plotted in Figure 12(c,d). Finally a 200x200 m area was added, allowing for the comparison of two square areas. The
same array types were tested as with the 100x100 m area, with the results for 52 arrays plotted in Figure 12(e,f).

C. Overall Analysis
In Figure 12(a), the mean and minimum array exposure is plotted for the 100x100 m area vs. the number of

panels in the array. The mean and minimum exposed area of the bounding box is also indicated. For all arrays, the
mean begins to increase with the number of panels. This is due to the smaller panels being used, which cover closer
to the full bounding box. As the number of panels continues to increase, however, the mean exposure begins to
decrease for some array types. This is due to the problem of more gaps when smaller panels are used (Figure 8(a-c)).
The X-, Checker and Hex arrays all capture the full minimum, while the minimum for the Box, H- and Arrow arrays
decreases with more panels, due to more gaps occurring orthogonally (Figure 8(b)). Similar trends are observed for
the 200x200 m area in Figure 12(e). 

For the 200x100 m area (Figure 12(c)), the Hex and Diagonal arrays provide the full minimum exposure, while
the Arrow and Hex arrays seem to provide consistently high mean exposure. The H-, X- and Diagonal arrays exhibit
periodic decreases in minimum and/or mean exposure as more panels are added. This is because the panel width is
sized for the long horizontal or diagonal axis, sometimes resulting in larger gaps along the shorter axes.

For all ground areas, adding more panels can result in modest increases in mean exposure. As an example, the
4-Arrow array in the 100x100 m area provides a mean exposure of 1794.5 m2 using 9 panels (Figure 9(f)). Using
twice as many panels, the Hex6b-Z array (Figure 9(l)) provides 1834.9 m2, a 2.3% increase.

Plotting vs. total panel area yields an interesting differentiation between array types, more notably for the square
areas. At the left of Figure 12(b) for the 100x100 m area, the Arrow array provides up to 96% of the bounding box
mean using the least panel area. Moving towards the right, the X-array provides up to 95.2% using more panel area,
though also  providing the  full  minimum. The H-array  then  provides  up  to  96.2% of  the  bounding  box mean,
followed by the Hex-Z array, which provides the full minimum and coverage up to 97.2%. The Box array provides
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(a) 6-Diagonal (w = 30 m)   (b) 6-H (w = 30 m)

  (c) 6-Arrow (w = 30 m)   (d) 6-X (w = 19 m)

  (e) Hex4-N (w = 24 m)          (f) Hex5-N (w = 19 m)

Figure 11.  Sample solar array configurations for the
200x100 m area (plan view), with panel width w.
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Figure 10.  Solar array exposure for best version
of each array type in 100x100 m area, over half
lunar day.



up to 97.3%, using more panel area, with the Checker array providing up to 96.7% using similar panel area. The
Hex8-X array (Figure 9(o)) is not plotted, but provides the highest coverage of 97.6% using the most area. Again,
the  200x200 m  area  yields  similar  trends  (Figure 12(f)).  The  sequence  of  panel  type  groupings  observed  in
Figure 12(b,f) appears to confirm the previous analysis, roughly corresponding to the values of LT in Figure 7.

For the 200x100 m area (Figure 12(d)), there appears to be less differentiation between array types, perhaps due
to the elongated dimensions of the ground area. The X-array covers up to 87.2% of the bounding box mean using the
least panel area, followed by the H-array (up to 92%), then the Arrow array (up to 96.2%), and finally the Hex array,
covering up to 96.9% while using the most panel area.

Based on the ESA CDF power study12 in Table 1, a habitat would require 329 m2 of solar panel area using RFCs.
Thus with a mean array exposure of 3650 m2 from the 200x200 m ground area, for example, 11 habitats could be
supplied. This is assuming that the same power storage system can handle the variations in area exposure during the
daily cycle. If the Moon Village were to grow to 22 habitats, a solar array ground area of around 400x400  m could
provide enough power, or a 200x200 m ground area with twice the vertical panel space (30 m). Though all results
were obtained here using a panel height of 15 m, the results could be scaled linearly for different panel heights.

Another consideration for array growth is the incremental addition of panels as cargo flights arrive. Ideally, as
many existing panels  as  possible  would be able  to  remain stationary,  while  some might  need to  be moved to
rearrange the configuration. The X-array, for example, could be built radially from the centre without moving any
existing panels as new ones are added.
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(a)     (c)     (e)

(b)          (d)         (f)
Figure 12.  Mean and minimum solar exposure of different array types by number of panels and total panel
area, for 100x100 m, 200x100 m and 200x200 m ground areas.
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VI. Conclusion and Future Work
This  study  compared  the  area  coverage  performance  of  various  solar  array  configurations  for  the  unique

illumination conditions at the lunar South Pole, where the Sun always remains near the horizon during the daily
cycle. Arrays were designed based on geometrical considerations, then tested in a simulator.

The  initial  panel-based  study  showed  how  increasing  the  ground  spacing  can  substantially  increase  mean
exposure, while the actual configuration of the panels had a small effect. In the ground area-based analysis, an initial
square 100x100 m area was studied in detail, with several dozen versions of six array types being tested. Larger
areas were then also considered. Some design considerations were noted during the process, such as the problem of
gaps between panels in certain directions, which can prevent all available sunlight from being captured. When sorted
by the number of panels, several array configurations provided similar mean total exposure. Using larger numbers of
narrower panels  to  fill  more  of  the available area  could result  in  a  gradual  increase  in  exposure,  or  for  some
configurations, an eventual decrease due to more gaps occurring. 

For the square ground areas, the Arrow array provided around 96% of the available mean exposure using the
least total panel area, while the X-array provided similar mean and full minimum exposure using the least panel
area. Hexagonal configurations provided up to 98%, and the full minimum, but using more total panel area.

Future work could include investigating panels at different heights above ground, to increase the available solar
exposure for a given ground area. Using different-sized panels in the same array might also be beneficial, and panel
spacing limits other than the 1 m used here could be considered. Other methods could be used to search for optimal
arrays, such as multi-objective optimization, Monte Carlo analysis to generate large numbers of arrays, or genetic
algorithms. Additional factors to consider include the effect of deploying the array on uneven ground, the small
variation in solar elevation angle, and the direction of shadowing from surrounding terrain.
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