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Abstract. Moon exploration will require local renewable energy production system, which design needs
estimations of the received solar energy as a function of the location and the installation mode. We developed a
novel method to compute the solar energy received by a 1 m? flat surface anywhere on the Moon, for any period
and using four different installation modes used for photovoltaic systems (fixed, 1-axis tracked vertical or
horizontal and 2-axis tracked). By computing hourly elevations and azimuths of the Sun from the lunar year
2012 to 2031, we determined the incident angle between the solar rays and the surface, enabling the calculation of
the solar energy received over a 20-year cycle, encompassing nearly all Sun-Moon relative positions on a human
scale. We applied this method to compare the solar energy received on a one-axis tracked surface (vertical or
horizontal axis), a two-axis tracked surface and a fixed surface at optimal azimuth and tilt, at ten locations from
equator to poles. While the two-axis tracker exhibits the highest solar energy levels, comparable solar energies
are observed near the poles with a vertical axis tracker and near the equator with a horizontal axis tracker.
A fixed system, on the other hand, experiences a significant loss of solar energy in comparison to a two-axis
tracker, ranging from 37% to 64%. Additionally, we showed that the partial Sun visibility results in reduced solar
energy levels, particularly prevalent near the poles where the Sun remains close to the horizon. Near the poles, a
vertical axis tracker seems the best solution, and could be theoretically applied with a perfect concentrator

photovoltaic system with an acceptance angle above +/—3.5°.

Keywords: Solar energy / photovoltaics systems / Moon / solar tracker

1 Introduction

Space agencies and private companies have several projects
for lunar bases [1,2]. Structural developments of facilities,
consideration of the Moon environment, work breakdown
structures have already been studied to prepare future
missions [1,2]. The space-like atmosphere of the Moon [3]
and the necessary self-sufficiency due to the difficulty to
supply materials from Earth led to consider photovoltaics
(PV) as an energy source to electrically supply such lunar
facilities. To determine the implementation sites and
design the photovoltaic electricity production systems, it is
necessary to predict the photovoltaic potential at any place
on the Moon, for different technologies or installation
modes. For that, researchers have been interested in solar
illumination conditions [4-9], which represent the fraction
of time when the Sun is visible at a defined place and for a
given period. In the literature, Digital Elevation Models

* e-mail: maxime.weiss@usherbrooke.ca

(DEMsS) of the lunar topography are used to represent
altitude variation of the surface and to anticipate shadows
from the horizon topography [4-9]. DEMs are based on data
collected from different sources such as Earth-based radars
[4], lunar orbital satellite [5,7,9] or a combination of both [6].
Once the topography was determined, simulations of the Sun
motion in the lunar sky were used to createillumination maps
for a given period. Bryant assumed that, during an 18.6-year
period, corresponding to the majority of the possible Sun-
Moon relative positions during the period of the regression of
the longitude of the ascending node of the Earth, the center of
the Sun passes above all the longitudes and latitudes inside a
rectangle of 180° in the East-West direction and only 1.54° in
the North-South direction from the equator [4]. Thus, he did
not compute the exact position of the Sun but used the area of
the rectangle to compute illumination. His assumptions were
verified thanks to the Jet Propulsion Laboratory
HORIZONS tool, available online and able noticeably to
compute the elevation and the azimuth of the Sun in the
lunar sky from any location on the Moon [10]. Mazarico et al.
used the SPICE toolkit to determine the position and the
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Fig. 1. Block diagram of the main algorithm. Green inputs are controllable and the red output is the final output of the algorithm.

angularradius of the Sun at each step time in their computing
algorithm [9,11]. The different methods listed above have
determined points of interest where the illumination is
predicted to be higher than 80% of the time for at least an
18.6-year cycle [4,7,10]. The points of interest can be different
from one article to another but they are all located either near
the North or the South pole of the Moon.

Solar irradiance and solar energy have been computed
for the global lunar surface and for wvarious specific
locations on the Moon. Li et al. give the formula to
compute the solar irradiance received by the Moon
depending on the Moon-Sun distance [8]. Furthermore,
by a simulation of an 18.6 yr cycle, they conclude that for a
horizontal surface, the maximum monthly effective irradi-
ance, computed using the angle between the surface and
the Sun’s rays, is higher near the lunar equator and
decreased towards the poles. They also highlight that the
lunar effective irradiance evolves in opposite direction
between the northern and the southern hemisphere, due to
the axial tilt of the Moon. Kaczmarzyk et al. proposed a
model and estimated the solar energy received in one lunar
day by different oriented plane surfaces at different
latitudes below 80° [12]. They estimate that the maximum
theorical energy a surface can receive tracking the Sun is
1740 MJ/ m’ per lunar day, which represents around
483 kWh/m?. This value would be 57% higher than the
energy received by afixed surface with optimum angles, which
would therefore be around 1100 MJ/m® or 305 kWh/m?.

Other works led by Kaczmarzyk highlights that the
irradiance received by a surface pointing towards the Sun
using a two-axis or a one-axis tracker with an optimal tilt
angle are very similar, no matter the latitude, because of a
very small Moon axial tilt (about 1.54°) [13]. Furthermore,
they assume that the Moon hasno season, due to therelatively
low tilt angle of the Moon. It results that a fixed solar array
has almost the same production all along the terrestrial year.

Therefore, even if the photovoltaic potential on the moon
hasalready been considered, thereisnosystematic method to
compute the photovoltaic potential at any location on the
Moon and to compare different modes of installation.

In this work, we predict numerically the solar energy
received for any period of time by a surface located
anywhere on the Moon. While power is an instantaneous
data, we want to focus on a long-term study, like for
several terrestrial years, this is why we choose energy
instead of power. The computation is based on the
position of the Sun in the lunar sky at any place and any
time. We compute solar energy for 4 different types of
Sun tracking modes: fixed, tracked on a horizontal or
vertical axis and tracked on two axes. Highly illuminated
site locations [4,5] are used as a case study. We have
chosen high altitude locations, above 1000m, to
disregard lunar topography and minimize potential
shadow effects.

2 Methods

The block diagram presented in Figure 1 describes the main
steps of the algorithm we developed to obtain the
irradiance on a flat surface at any instant ¢. Each block
will be described in detail next.

First, the Earth-Moon-Sun system calculates for a
given time ¢ the selenographic longitude and latitude of the
subsolar point defined as the point at the surface of the
Moon where the Sun’s rays are perpendicular to a
horizontal surface. Longitude and latitude are counted
positively towards East and North, respectively. The range
of longitudes is [—180°, 180° and [—90°, 90°] for latitudes.
The Earth-Moon-Sun system also provides the lunar global
irradiance. Then, the subsolar point coordinates are the
inputs of the lunar sky block. Inputting selenographic
coordinates of a point into this block allows to get the
elevation and the azimuth of the Sun in the lunar sky for
this point and for any instant.

The next step of the algorithm is to find the incidence
angle between the Sun’s rays and the flat surface at any
time. The orientation of this surface is a controllable input
composed of the azimuth and the tilt angles. The
orientation can evolve at any time t.
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Fig. 2. Angles and distances between bodies in the Earth-Moon-Sun system. The primary direction is the direction where the

longitude is 0°, corresponding to vernal equinox [14].

Finally, the final irradiance is obtained by combining
the lunar global irradiance, computed in the Sun-Moon
system block, with the incidence angle previously deter-
mined. The elevation angle of the Sun is also used to
introduce rules about the visibility or not of the Sun from
the surface.

2.1 The Earth-Moon-Sun system

2.1.1 The Earth-Sun and Earth-Moon systems sub-blocks

The Earth-Moon-Sun system is divided into four sub-
blocks. The first two sub-blocks are called Earth-Sun and
Earth-Moon systems. They compute in parallel the position
of the Sun and the Moon, respectively, in the geocentric
coordinates as well as their center-center distance to the
Earth, for any instant ¢ given as an input. The calculation
uses the astronomical algorithms of Meeus [15,16]. The
outputs of the Earth-Sun sub-block are the dimensionless
Earth-to-Sun distance Rpg and the apparent geocentric
longitude of the Sun A . The outputs of the Earth-Moon
sub-block are the dimensionless Earth-to-Moon distance
Ry and the geocentric ecliptical longitude and latitude of
the Moon Agy and ¢gyy, respectively (cf. Fig. 2). Both
dimensionless distances are in astronomical units (AU) and
the coordinates are angles in degrees.

Furthermore, the Earth-Moon sub-block computes the
physical librations of the Moon, thanks to the theory of
Eckhardt and the Meeus astronomical algorithms [15-17].
There are three librations and they will be used later in the
Moon-Sun system.

2.1.2 The Sun-Moon and Moon-Sun systems sub-blocks

The next two sub-blocks of the earth-moon-sun system
are called Sun-Moon and Moon-Sun. The Sun-Moon system
block has two functions in the algorithm. First, it computes
the lunar solar irradiance. According to Li et al., the formula
for the lunar solar irradiance (LSI, in W/m?) is [8]:

LSI = Sy * Rg3/, (1)
where S is the solar constant (fixed to 1361.8 W/m?) [8]
and Rgy, is the dimensionless Sun-to-Moon distance
relative to one astronomical unit (AU). The Rgy can be

deduced from Rz and ¢ gy, using:

: R
sin(@py * 7o)

sin(¢gas)

(2)

Rsy = Riar

The LSIcan be computed for any period. As an example,
Figure 3 presents the LSIat the moon equator for year 2022.
We can see that the LST fluctuates along the year with a
small amplitude (+/— 0.3% in average) and a short period
(~14 days), and a large amplitude (+/— 3.5%) and a long
period (~1 terrestrial year). The longest period of oscillations
corresponds to one lunar year while the shortest period
corresponds to approximately half of a lunar sideral month,
the time the Moon takes to complete one orbit around Earth.

Since the atmosphere of the moon is extremely thin, the
light absorption and the scattering by particles in the lunar
sky can be neglected [3]. In addition, the moon radius can
be neglected compared to the Moon-Sun distance.
Therefore, two surfaces facing the Sun at an instant ¢
are considered to receive the same amount of solar power
density, no matter their respective position on the Moon, as
long as the Sun is visible. In the rest of the algorithm, we
consider that the irradiance received by any illuminated
point on the surface of the Moon is equal to LSI.

The second function of the Sun-Moon system block is to
compute the heliocentric ecliptical longitude and latitude
of the Moon Agy and ¢gys respectively. The relations
obtained from the Sun-Moon system block are the inputs of
the computation and the formula is the following [18,19]:

R
Asy = Aps + 180 + REM % 57.296 * cos(¢ )
ES
«sin(Aps — Aem), (3)
Rem
bsn = N dem- (4)
ES

The heliocentric coordinates of the Moon combined
with the Moon’s physical librations obtained in the Earth-
Moon system block give, through the Moon-Sun system
block, the optical and physical longitudes and latitudes of
the Sun in the selenographic coordinate system. Then,



4 M. Weiss et al.: EPJ Photovoltaics 15, 26 (2024)

1.5,

= =
(5] w IS
: . -

i

|

!

Lunar global irradiance (kW/m?)
[~
=

1.0, 1000 2000 3000

4000

5000 6000 7000 8000

Hours in the lunar year 2022

Fig. 3. Lunar global irradiance received in the lunar year 2022 (8520h) by the Moon at the equator.

summing the optical and the physical coordinates gives the
final selenographic position of the subsolar point [18,19].
The outputs of the Moon-Sun system are then the subsolar
point selenographic longitude and latitude Az, and @),
respectively.

2.2 The lunar sky block

The Sun’s position in the sky can be defined by the azimuth
and the zenith angles (Fig. 4). In our computation, the
North represents the azimuth zero and other azimuth
angles are counted positively in the clockwise convention.
To get the azimuth of the Sun, the algorithm uses the
components of a vector pointing the Sun via the formula of
Zhang et al. [21]:
(5)

Sy = cos(@arsy) * sin(Aargp — Xo),

S, = cos(¢y) * sin(pyy,,) — sin(@g) * cos(@ays,)

* COS()\MSP — )»0), (6)
where S, and S, are the vector coordinated in the observer’s
referential and (A, ¢) are the observer’s coordinates. The
Sun azimuth angle yg,, is then calculated in the North
clockwise convention as the arctan2 function of S, and S

(7)

To get the elevation angle of the Sun, corresponding to
90° minus the zenith angle, we first compute intermediate
terms a; and ap from Li et al. [22]:

Ysun = arctan2(Sy, Sy).

ay = arccos(—sin(¢y) * sin(¢yy,,) + cos(¢y)
* COS(¢Msp) * cos(Ao — Aursp)),

(8)

. < RJVIoon * Sin(al) )
as = arcsin . . 7]
(RSI\I + RZWoon — 2% jow * Rkloon * cos(al))Q
(9)
where Rjs.0n 1S the mean radius of the Moon considered

equal to 1737.1km [23].
The elevation angle Bg,, is finally obtained using:

ﬂSun =90 — ((11 + (12). (10)

2.3 The incidence angle block

The objective of this block is to determine the solar
incidence angle (05) on a flat surface. 0g is defined as the
angle between the Sun’s rays and the normal to the surface
(Fig. 4). This angle is calculated using y g, and By, as well
as the orientation of the surface, represented by the surface
azimuth angle ygyrfacc and the surface tilt angle Bgyface-

By combining angles of the Sun and angles of the
surface, the incidence angle is then given by [20]:

COS(GS) = Sin(lBSun) * COS(IBSurface) + COS(:BSun)

* Sin(ﬁSurface) * COS(VSWL - ySurface)' (11)

2.4 The irradiance block

The last part of the main algorithm computes the
irradiance received by a flat surface for an instant %, a
location on the Moon and a surface orientation, the three
controllable inputs of the algorithm. On Earth, the
computation of the irradiance is a sum of three components,
the direct, the diffuse and the reflected irradiances [24].
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On the Moon, as mentioned before, there is negligible diffuse
irradiance caused by particles or clouds occulting the Sun.
Furthermore, due to a global surface albedo of 0.136 [25], the
reflected irradiance can be neglected compared to Direct
Normal Irradiance equal to the LSI previously computed in
Section 1.2. Therefore, the global normal irradiance (GNI) is
considered equal to LSI, providing the Sun is fully visible. To
determine whether the Sun is fully visible or not, the altitude
of the surface and the elevation of the Sun must also be
considered.

First, the altitude of the surface adds a supplementary
angle «;,,;» beyond horizon where the Sun remains visible.
This angle o;,,;; can be computed thanks to R, and the
following formula [26]:

RJWoon )

- 12
RMoon + hpoint ( )

Aimit = arccos(

where hye, is the altitude of the point.

Furthermore, in the algorithm, the Sun is considered
from the surface of the Moon as a sphere with an apparent
diameter. We assumed that it is independent of the Moon-
Sun distance and has a constant value of 0.53° (computed
by deriving the formula from Weisstein [27]). Note that the
moon topography is not considered here and that the Moon
is assumed to be a perfect sphere.

Once the horizon limit angle and the apparent diameter
are introduced in the algorithm, we can define the factor
7€ [0;1] that indicates if the Sun is visible or not in the sky
and following the rules:

— If Bgyy is at the limit angle + the semi-apparent diameter
and higher, it is fully visible. Therefore 7 =1.

— If Bgyn is at the limit angle — the semi-apparent diameter
or beyond, it is not visible. Therefore v =0.

— If the Sun is between the limit angle — the semi-apparent
diameter and the limit angle+ the semi-apparent
diameter, the Sun is partially visible and therefore t
has a value between 0 and 1.

Therefore, the formula for t is:

lwhen Bg,, > —Qmit + 05

(1 + 1/<2 * 65) * (ﬂSun + Qpimit — (55))
0 when ﬁSun < —Qimit — 657

T =

when — Qimit — 65 < Bgyn < Qimit + O
where §g= 0.265° is the semi apparent diameter of the Sun.
Then, we can compute the GNI thanks to t using:

GNI=LSIxt (13)

The evolution of the Sun’s elevation and the GNIreceived
by a flat surface facing the Sun are compared in Figure 5.
The period was chosen to illustrate the rules listed before.
This graph shows the correlation between the elevation
angle and the GNI. The GNI and the Sun’s elevation
follow the same evolution during the period except for the
moments when the rules impose that irradiance is null
(t=0) or equal to the global lunar irradiance (t = 1).

Finally, to calculate the plane of array (POA) irradiance
POA __Irr, it is necessary to consider the incidence angle 9.
When a flat surface is oriented towards the Sun (65 between
0°and 90°), POA_ Irrisequalto GNI*cos(6s). When the Sun
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Fig. 5. Evolution of the elevation angle of the Sun and the irradiance received when the Sun is visible at the point of interest with the

latitude 89° from 22/01,/2023 to 22/03/2023.

irradiates the backside of the plane (65 larger than 90°),
POA _Irrisnull (supposing that the surface is not a bifacial
module). Thisleadsto thelast rule concerning the irradiance:
if the absolute value of the incidence angle is superior to 90°,
the irradiance received is null, POA_Irr= 0.

To summarize, the POA_Irrreceived by a flat surface
at an instant ¢ is:

POA = GNI(t) * cos(6s(t)) when|0s(t)| < 90°
I = 0 when [5(t)] > 90°.

2.5 Solar energy calculations

The main algorithm can compute irradiance at any instant
t. To compute the solar energy (in kWh) received by a flat
surface for a given period, POA _Irr must be inte%rated
over the period to obtain the irradiation (in kWh/m*®) and
then multiplied by the area of the surface. We used a time
step of 1 h for the integration and a flat surface of 1 m? area.
We calculated the solar energy received considering
four photovoltaic system installation modes. (1) A fixed
mode meaning that the azimuth and tilt angles of the
module are fixed. (2) A one-axis vertical tracker mode that
considers the module elevation angle fixed and the module
azimuth angle equal to the Sun azimuth angle. (3) A one-
axis horizontal tracker mode where the module tilt follows
the course of the Sun, while the azimuth is fixed. In this
case, the controllable input of the one-axis horizontal
tracker is the orientation of the horizontal axis. The tilt
angle is represented by the absolute value of a special angle
for this type of tracker called the “rotation angle” R,
computed thanks to yg,, and Bg,, using [28]:
R = arctan(tan(90 - ﬂSun) * Sin(ySun - ya))’ (14)
where y, the horizontal axis azimuth angle of the oriented
surface.

In this tracker mode, ygyuce takes only two values:

Y.+ 90° using:
‘ sin(R) )
= arcsin| ————— . 15
Y Sur face Vot < sin (BSurface) ( )

(4) A two-axis tracker mode that assumes that both the
azimuth and elevation angles of the surface are equal to the
Sun’s azimuth and 90° minus the Sun’s elevation angles,
respectively. In this case, POA _Irr is always considered
equal to the GNL

For each position and each tracker mode except the
two-axis tracker, we computed the best angles to maximize
the solar energy received. To find the best tilt and azimuth
angles of a fixed surface, we first computed the solar energy
every 2 degrees between —180° and 180° for azimuths and
between 0° and 90° for elevations and then we computed the
solar energy every 0.1 degrees around the maximum found
before. For vertical and horizontal axis tracking systems,
one of the two axes evolves along the day and the other is
fixed. The optimal fixed angle is computed by the same
method as for one angle of a fixed surface.

2.6 Localization of the points of interest for the
computations

We consider 10 locations (see Tab. 1) on the Moon. The
six first locations have a latitude ranging from 0° to 89°
while the longitude and altitude are fixed at 20° and
1,000m, respectively. These locations will be used to
compare the installation modes, depending on the latitude
of the location. The last four locations are chosen as
points of interest for future lunar installations [4,5,9].
The illumination fraction of these positions, which
represents the fraction of time spent with a visible Sun
over the total time spent for a defined period, has been
estimated in the articles to be superior to 80% of the time
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Table 1. Points of interest of the study and their characteristics.

Latitude of the point Latitude Longitude Altitude Average illumination Limit angle
() ) (m) fraction| standard deviation Wiz (°)
LO 0 20 1000 51.30% 0.06 1.94
L.20 20 20 1000 51.39% 0.06 1.94
140 40 20 1000 51.68% 0.06 1.94
L60 60 20 1000 52.54% 0.09 1.94
L80 80 20 1000 57.25% 0.21 1.94
1.89 89 20 1000 95.39% 0.65 1.94
Shackleton crater [5] -88.790 124.500 1000 92.96% 0.83 1.94
A1[4] -89.633 -160.388 1072 100% 0.0 2.01
B1[4] -89.388 -137.810 1261 100% 0.0 2.18
North pole 9] 88.060 -117.760 1200 89.18% 0.93 2.13

on the period estimated, generally over an 18.6-year cycle.
We verified it by computing the ratio of the number of
hours when the elevation is larger than the limit angle
minus the semi-apparent angle of the Sun on the number of
hours in the lunar years between 2012 and 2031 for each
location. The average illumination over the period and the
associated standard deviation are presented in Table 1.
Note that without considering the Moon’s topography, the
two points A 1 and B1 are always exposed to Sun’s rays with
an illumination fraction of 100%.

At each location, we calculated the solar energy
received by the 1 m? flat surface with the 4 installation
modes for the lunar years between 2012 and 2031 included.
Lunar years are shorter than terrestrial years for about
11 days and the start and the end are not fixed in the
Gregorian calendar. Their duration is not fixed either.
Between 2012 and 2031, the years lasted 8496, 8520, or
9216 h. The number of hours of the period has a non-
negligible impact and the annual solar energies received are
higher for the longest years. Consequently, we decided to
take the average maximum solar energy values for one
lunar year to compare the positions and the installation
modes on their electrical potential on the Moon.

In the considered period, we covered an entire 18.6-year
cycle. To test if the results can be translated to other cycles,
we made the same computations for 20-year cycles between
1993 and 2031 and we found very similar results with on
average less than 1% difference on solar energy received.

Finally, we also computed the limit angle o;,,;; defined
in Section 2.4 and summarized the results in Table 1.

2.7 Implementation

The calculations and the code have been programmed in
the Python language. The algorithm is available in open
access via GitLab using the URL: https://gitlab.com/3it-
cpv-public/pv-moon. The computation of the optimum
angles of the four modes for all the positions and for all the
lunar years between 2012 and 2031 took half a day with
our laptop (Intel 10th Gen i7-1065G7, 1.30GHz clock
frequency, 8 Go of random access memory). The code was
also used to investigate tolerance angle around the best
results as part of a master report chapter [29].

3 Validation of the algorithm

To validate the algorithm, we compared hour by hour for
the lunar year 2022 the azimuths and the elevations
angles calculated with our algorithm to the results given
by the HORIZONS system [10], for the points of interest
listed in Table 1 when the Sun’s elevation is below 85°.
Indeed, the notion of azimuth is vague when the Sun
elevation is close to 90°. The comparison, summarized in
Table A1 of Appendix A, shows a maximum difference of
0.031° for the elevation and 0.065° for the azimuth. This
validates the Earth-Moon-Sun system and the lunar sky
blocks.

4 Results for points with latitude between
0° and 89° and a longitude of 20°

Figure 6 presents the average annual solar energy
received for the 4 installation modes (fixed, vertical or
horizontal one-axis tracker, two-axis tracker) for the 6
locations on the Moon with the same longitude 20° and
altitude 1,000 m. The only variable factor is the latitude,
between 0° and 89°.

4.1 Solar energy on a two-axis tracker (cross-shaped
marker and dotted line)

Since a two-axis tracker always faces the Sun during the
lunar day, it receives the highest solar energy compared
to other installation modes. Therefore, this configuration
is chosen as a reference. Figure 6 shows that the two-axis
tracking mode leads to a solar energy of 6,176 kWh /yr on
average for the location with latitude between 0 and 60°.
When the latitude increases to 80° and 89° the solar
energy increases to 6,758 and 10,988 kWh/yr, respec-
tively. At first, the ~1.8 times larger solar energy close to the
pole can be attributed to the ~1.8 times larger illumination
fraction (see Tab. 1). We will see Section 5 that secondary
order factors impact the solar energy received, especially
near the poles.


https://gitlab.com/3it-cpv-public/pv-moon
https://gitlab.com/3it-cpv-public/pv-moon

8 M. Weiss et al.: EPJ Photovoltaics 15, 26 (2024)

11000
10000
9000
8000
7000

Tracker mode
== \/ERTICAL
=®=FIXED
== HORIZONTAL
=3%= DUAL

6000 Mhr et iiiiiiii:
5000
4000 |,
3000
2000

1000

Maximum solar irradiation
on a tracked surface (kWh/m?2)

------------;----------_J__l*——-

-—
e~
==
—
-
_—
_~
. —f = =

0 20

40 60

80 89

Latitude of the point (°)

Fig. 6. Average maximum solar energy received in one lunar year by the flat surface considered between 2012 and 2031 for the 4

tracker modes and at the points of interest with longitude 20°.

Table 2. Average solar energy losses of the trackers compared to the two-axis tracker.

Latitude of
the point (°)

Average losses
for the FIXED
mode (%) and

Average losses
for the VERTICAL
mode (%) and

Average losses
for the HORIZONTAL
mode (%) and standard

standard deviation standard deviation deviation
0 37.7 0.0 10.4 0.0 2.1 0.05
20 37.8 0.05 7.4 0.0 5.2 0.05
40 38.1 0.04 3.9 0.04 13.7 0.1
60 39.0 0.1 1.5 0.0 26.1 0.1
80 43.4 0.2 0.2 0.0 41.1 0.2
89 65.2 0.3 0.02 0.0 64.7 1.7
—88.79 64.4 0.5 0.02 0.0 64.2 1.5
-89.633 67.9 0.1 0.02 0.0 67.6 2.0
—89.388 67.8 0.1 0.02 0.0 67.5 2.0
88.06 63.1 0.45 0.03 0.0 62.5 0.8

4.2 Solar energy on a single vertical axis tracker
(triangle-shaped marker and solid line)

Figure 6 shows also the solar energy received by a surface
mounted on a vertical axis tracker. The difference with
respect to the refence case (two-axis tracker) as well as the
standard deviation are reported in Table 2.

We can see Figure 6 that the solar energy received by a
vertical axis tracker increases with the latitude from 5,496
t0 10,985 kWh/yr for a latitude from 0° to 89°, respectively.
Reciprocally, the relative losses compared to a 2-axis
tracker decrease from 10.4% at the equator to less than
0.1% close to the poles. This trend can be explained by a
lower amplitude of the Sun’s elevations when the latitude

increases. Indeed, we report Figure 7 the range of elevation
angles over an 18.6 yr cycle. In this figure, at the points with
an absolute latitude close to 90°, including the point with a
latitude of 89°, the Sun’s elevation is equal to 0 +/— 3.5°.
Therefore, the Sun’s rays hit a vertical surface (tilt angle
close to 90°) almost perpendicularly all along the period.
The impact of elevation tracking is therefore negligible and
the vertical-axis tracker behaves like the two-axis tracker.

To summarize, the use of a one-axis vertical tracker at
the poles allows to obtain the same results as a two-axis
tracker while being a simpler tracker, with only one mobile
axis. At the equator and for latitudes under 40°, the losses
are between 4 to 10% compared to a two-axis tracker,
which is non-negligible.
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Fig. 7. Elevation angle range of the Sun at the points of interest near the poles between the lunar years 2012 and 2031.

4.3 Solar energy on a single horizontal axis tracker
(square-shaped marker and dashed line)

The solar energies calculated for a single axis horizontal
tracker are presented Figure 6. The evolution of the solar
energy for latitudes from 0° to 89° is inversed compared to
the situation with a single vertical axis. When the latitude
increases from 0 to 89°, the solar energy received decreases
from 6,002 kWh/yr to 3,877 kWh/yr, respectively. It
corresponds to 2.1 to 64.7% losses with respect to a two-
axis tracker, respectively (see Tab. 2).

At the equator, due to the lunar equator’s slight
inclination of around 1.5° to the ecliptic (the orbital plane
around the Sun), the Sun passes through all the elevations
above a surface following the East-West direction and this
path is similar every lunar day. Moving the tilt by the
horizontal axe of rotation oriented in the North-South
direction allows to follow the Sun continuously during all
its path in the sky. That explains the similar solar energy
received with a two-axis tracker at the equator.

To conclude, a horizontal axis tracker can yield a
similar solar energy (within 98%) compared to a two-axis
tracker at the equator and it is simpler with a single
mobility axe.

4.4 Solar energy on a fixed surface with optimum tilt
and azimuth angles (circle-shaped marker and
dash-dot line)

Finally, we considered a fixed surface with optimal tilt and
azimuth angles. For every latitudes considered from 0° to
89°, the total solar energy received by a fixed surface is
equal to 3,822 +/— 0.5 kWh/yr. As the longitude of these
points is the same, the Sun’s path is similar with only an
elevation difference. Even if the point with the latitude 89°
has 95% of illumination fraction, as the surface is fixed and

the Sun passes through all the azimuths from —180° to
180°, the Sun’s rays hit the back of the surface as much as
the surface itself. We computed the average incidence
angle of the Sun on the surface, and we found that it is near 90°
for all the points considered from latitude 0° to 89°. Thus, half
the time, the Sun, whether visible or not, is behind the surface
for every latitude considered. Considering monofacial
surface for our study, the results for the point with the
latitude 89° are the same than the other points.

Finally, if the solar energies received are globally similar
for all the points of interest with the same longitude and
altitude, the fixed surface has the highest losses of all the
installation modes compared to the two-axis tracker. For
points with a latitude below 80°, the losses are around 40%
and for the point with the latitude of 89°, the losses are 65.2%.

5 Results for points of interests Shackleton
crater, Al, B1 and North Pole

The four points Shackleton crater, A1, B1 and North Pole
have maximum solar energies received for a two-axis
tracker between 10,329 kWh/yr for the point North Pole
and 11,889 kWh/yr for the point A1 (see Fig. 8).

At first, due to their latitudes near 89° and similar
illumination fraction, a two-axis tracked surface at these
points receives solar energy close to that received at the
point with latitude 89°, see Section 4.1.

However, even if the two points A1 and B1 have both an
illumination fraction of 100%, they do not receive the same
exact solar energy. Furthermore, the solar energies
considering only the illumination fraction (green curve)
do not match with the solar energies considering our
algorithm, see Figure 8. We can conclude that a secondary
order factor impacts the solar energy received by a flat
surface.
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Table 3. Average values of T (see Sect. 2.4) when the Sun is partially visible and average values of the fraction of partial
visibility of the Sun over when it is visible for the points of interest with an absolute latitude over 88° except point with

latitude 89°.

Shackleton crater Al B1 North Pole
Average T when the Sun is partially visible 0.51 0.81 0.75 0.51
Fraction of the time of partial visibility of the 7.8 4.3 4.5 6.9

Sun over when it is visible (%)

We attribute this second order factor to the rules
introduced in Section 2.4 on Sun partial visibility. If the
Sun is partially visible in the sky, the irradiance received is
reduced which induces a lower solar energy for the period.
The more the Sun is partially visible, the more the gap
increases between the solar energy considering only the
illumination fraction and the one of our algorithm.

Due to low elevations of the Sun near the poles (see
Fig. 7), the Sun remains permanently around the horizon.
Thus, it is more likely to be partially visible than at the
other points, where the elevation fluctuates between
greater limits, which amplifies the impact of this second
order effect.

We reported Table 3 the average value of t and the
fraction of time the Sun is partially visible over the time it is
visible. For the four points of interest, the Sun is partially
visible 4.3% (point A1) to 7.8% (Shackleton crater) of the
time with an average value of T between 0.51% (Shackleton
Craterand North Pole) and 0.81% (point A 7). Point A1hasa
shorter period of partial visibility of the Sun than the point
B1 and the Sun is on average higher in the sky, represented
through the average value of 7. The solar energy received at
the point A1 is then higher than at the point B1.

To conclude, the combination of the partial visibility of
the Sun and the average elevations of the Sun during that

time explains why the points near the poles show lower
results than would be expected if only the illumination
fraction were considered.

To open the discussion, Figure 7 shows that the gap
between the minimum and maximum elevation near the
poles goes from (—1.97°,1.93°) to (—3.50° 3.49°). This can
be an indicator of the relevancy of the concentrator
photovoltaics (CPV) with a single-axis tracker at the lunar
poles, providing its acceptance angle covers those maxi-
mum values. Considering the almost absence of an
atmosphere and therefore no scattering of solar rays and
no diffuse light, a CPV system with an acceptance angle
above +/—3.5° would be especially well suited for power
generation on the Moon. The acceptance angle represents
the maximum angle around the Sun’s position at which a
module produces 90% of its maximum energy.

6 Conclusion and discussion

This article compares the solar energy received by a flat
surface using four types of tracking modes at different
places on the Moon and for lunar years between 2012 and
2031, covering a cycle of most of the possible Sun-Moon
relative positions.
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First, we computed the elevations and azimuths of the
Sun for every hour between 2012 and 2031. We used these
angles todetermine the incident angle between the Sun’srays
and the surface and to calculate the solar energy received over
a 20-year period. We performed this calculation for one-axis
tracked surfaces (vertical or horizontal axis), for a two-axis
tracked surface and for a fixed surface at optimal azimuth
and tilt, for ten points of interest.

While the two-axis tracker presents the highest solar
energies, similar solar energies are received near the poles
by a vertical axis tracker, and near the equator with a
horizontal axis tracker.

A fixed system would lose 37 to 64% of the solar energy
compared to a two-axis tracker.

Finally, we discussed the phenomenon of partial
visibility of the Sun which reduces the solar energy
received, especially near the poles where the Sun remains
around the horizon.

List of symbols

Rgs Dimensionless Earth-to-Sun distance (in
AU).

AEs Apparent geocentric longitude of the Sun
(in degrees).

R Dimensionless Earth-to-Moon distance
(in AU).

Aewv, Oem Geocentric ecliptical longitude and lati-
tude of the Moon, respectively (in degrees).

LSI Lunar solar irradiance (in W/m?).

So Solar constant, equals to 1367.8 VV/m2 in
the article.

R Dimensionless Sun-to-Moon distance (in
AU).

Asan Psar Heliocentric ecliptical longitude and lati-
tude of the Moon, respectively (in degrees).

AMisps D uasp Selenographic longitude and latitude of the
subsolar point, respectively (in degrees).

ro,do Selenographic longitude and latitude of the
observer’s position, respectively (in degrees).

Y Suns Bsun Azimuth and elevation of the Sun,
respectively (in degrees).

Ritoon Radius of the Moon (inkm).

05 Solar incidence angle (in degrees).
Y Surface:Bsurface  Azimuth and tilt of the surface, respec-
tively (in degrees).

O fimit Limit angle of vision beyond horizon (in
degrees).

hpoint Altitude of the point (inkm).

T Factor that indicates if the Sun is visible
or not in the sky ( [0;1]).

8g Semi-apparent diameter of the Sun (in
degrees).

GNI Global normal irradiance (in W/m?).

POA_Irr Plane of array irradiance (in W/m?).

R Rotation angle (in degrees).

Va Horizontal axis azimuth angle of the

tracked surface (in degrees).
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Difference between the results from the algorithm and from the HORIZONS website.

Table A1l. Maximum absolute differences between the angles computed from the algorithm and from the HORIZONS

website.

Coordinates of the point

Maximum absolute difference elevation (°)

Maximum absolute difference azimuth (°)

20°% 20°% 1

40°% 20°% 1

60°; 20°% 1

80°; 20°% 1

89°% 20°% 1

Point Shackleton crater
Point A1

Point B1

Point North pole

0.031
0.031
0.030
0.028
0.027
0.027
0.027
0.027
0.027

0.065
0.033
0.023
0.019
0.018
0.014
0.014
0.009
0.019
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