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ABSTRACT

Buildings that use renewable energy sources,
such as sunlight with solar collector technology, are
in demand to face climate change. The position of the
sun is a pivotal reference for determining the optimum
of solar collectors. There are two differences in the
optimum results in the equatorial region due to the
different perceptions in defining the sun’s position.
This study highlights the optimum orientation that
is not perpendicular because it reflects the actual
position that spreads at the equator. This study aims to
prove the sun’s position that spreads in the equatorial
region and to show the optimum potential with varied

accesses.

The investigation is conducted through the angular coordinates of altitude and azimuth.

The methodology used is simulation calculation and descriptive analysis by comparison. The

simulation calculation uses SunEarthTools.com, based on equations from astronomical algorithms

by Michalsky. The validation uses the NOAA Solar Position Calculator, based on equations from

astronomical algorithms by Meeus. The targets of the study are to make a profile of the performance

of the sun’s position and a profile of the opportunity for the sloped surfaces to accept access. The

sun-earth relationship and the season period are the factors that cause differences in the angular

range of the sun’s position for each latitude zone. The results prove that the equatorial region has

a more spacious range of orientation and a relatively balanced high of elevation in the four main

cardinal directions than other regions. The highest points occur twice during the equinoxes for

the balanced position between the east and west orientations, and the farthest points happen in

the summer solstices for the balanced position between the north and south orientations.
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The spreading position allows two low-inclined surfaces facing opposite orientations to

be exposed simultaneously for long periods, especially in the equinoxes. This study contributes
a theoretical insight into the optimum at the equator that has potency for optimum with diverse
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1. INTRODUCTION

Excessive use of non-renewable energy in the building sector contributes to climate change [1].
Sustainable development means meeting current needs while also taking into account future
availability. Goal 13 of the 17 SDGs (Sustainable Development Goals) is to take urgent action to
combat climate change and its impacts. One strategy to address climate change is to use renewable
energy sources, such as wind and sunlight [2]. Sunlight is the most abundant renewable energy
resource available in nature. Solar collector technology converts sunlight into electrical and
thermal energies [3].

Solar collector systems are a prominent renewable energy source that contributes to decreasing
emissions [4]. The tilt angle and orientation are the parameters to face the surfaces capturing solar
radiation. The rule of thumb for maximum solar radiation is the tilt angle close to the latitude
with the orientation towards the equator. Duffie et al. [5] proposed an equation for optimum
that refers to latitude, which is Bopt = (¢ + 15°) £ 15°, where ¢ represents the latitude and (+)
for summer and (-) for winter. Studies in the subtropical regions focused on the optimum of
the tilt angle. The orientation was sure due to the concentrated sun’s position at the equator. In
the north latitude, Kim et al. [6] in Daegu, Korea (Lat. 35.87°N) and Sevik et al. [7] in Corum,
Turkey (Lat. 40.55°N) showed the optimum orientation facing south. In the south, Cabral et al.
[8] in Florianopolis (Lat. 27.59°S) and Porto Alegre, Brazil (Lat. 30.03°S) showed the optimum
orientation facing north. Studies of optimum in high-latitude zones show a match between the
sun’s position and the optimum orientation.
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There are two differences in the optimum results related to orientation in the equatorial region.
Most previous studies use the principle of the subtropical areas. Matius et al. [9] in Sabah (Lat.
6.25°N) and Njoku et al. [10] in Nigeria (Lat. 4°-14°N) showed the annual optimum orientation
facing south. Afandi et al. [11] in Jakarta (Lat. 6.30°S) and Sugirianta [12] in Bali, Indonesia (Lat.
8.81°S) showed the yearly optimum orientation facing north. On the other hand, several studies
notice the character of the position that spreads in the equatorial region. Serrano-Guerrero et al.
[13] in Ecuador (Lat. 2.88°S), Khoo et al. [14] in Singapore (Lat. 1.37°N), Bari [15] in Malaysia
(Lat. 1°N-7°N), Lau et al. [16] in Southeast Asia area, Cronemberger et al. [17] in Brazil, Tsoukpoe
[18] in Africa area (Lat. 0°-15°N), and Mukisa & Zamora [19] in Uganda (Lat. 1.3°S-7°N) showed
the annual optimum orientation facing not perpendicular. This study focuses on the second
group with the optimum orientation facing diagonal, which describes the actual character of the
sun’s position at the equator. This study wants to provide a firm understanding that the equator
has a geographical advantage in the sun’s position. Hence, the target stages of the study are to
make a profile of the performance of the sun’s position and a profile of the opportunity for the
sloped surfaces to receive access.

Most previous studies of the sun’s position discussed the models or methods of calculation. The
field of astronomy is the most competent to discuss it [30], [32], [33], [34]. Meanwhile, the field
of solar energy discusses the effect of the position getting the optimum condition of the solar
collectors [35]. This study uses the optimum studies from the field of solar energy for design
purposes. In the past, buildings in the equatorial region have high-sloped pitched roofs to reduce
heat gain from the intensity of sunlight. In technological developments, the roof function is
utilized to obtain energy, forcing the roof with a low tilt angle to get maximum exposure to
sunlight. There is a paradigm shift in roof designs in the equatorial region from avoiding to
capturing sunlight. So far, no architectural studies have been seen to significantly exploit the
spreading sun’s position for design purposes.

Most studies here use the high latitude approach, so the implications are with uniform
configuration. This study is on the relationship between the position of the sun and the optimum
theory in the equatorial region, where there is a disregard for the actual position. Thus, the
novelty of this research is to make a profile of the performance of the sun’s position to prove the
position that spreads on many orientations in the equatorial region and create a profile of the
opportunity for the sloped surfaces facing many directions to show the optimum potential with
diverse access.

According to UN [20], more than half of the people in the world reside in cities. Thus, urban
settlement areas have dominated the city face. According to UN [21], the use of clean energy
at the community level is vital in mitigating the impact of climate change, as outlined in the
SDGs: SDGs-7 (affordable and clean energy) and SDGs-11 (sustainable cities and communities).
The varied roof configurations with BIPV applications in urban settlements along the equator
have tremendous potential as solar energy producers. Therefore, this study aims to demonstrate
in quantity the spreading sun’s position in the equatorial region, which allows optimum with
varying accesses.

2. LITERATURE AND METHODOLOGY

2.1. Solar Geometry

Figure 1 illustrates the movement of the Earth around the sun. The Earth rotates on an oblique
axis and revolves around the sun in a fully elliptical orbit in a year (365 days). The average sun-
earth distance occurs on April 4 and October 5 at 1.496 x 1011 m, known as 1 AU (Astronomical
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Unit). The farthest distance is aphelion, on July 4 at 1.017 AU. The shortest distance is perihelion,
on January 3 at 0.983 AU [22]. The elliptical orbit causes the varying distance between the Earth
and the sun to follow the time function.

Figure 2 shows the variations of declination angle in four seasonal periods. The declination angle
(0) is the angle between the direction of the sunray and the equator plane. The declination angle
has an interval of +23.45° < § < -23.45°. § = +23.45° is the summer solstice in the north, 20-21
June in the Tropic of Cancer at latitude 23.45°N. § = -23.45° is the summer solstice in the south,
21-22 December in the Tropic of Capricorn at latitude 23.45°S. § = 0° is the equinoxes at the
equator, which occur twice on 20-21 March (vernal) and 22-23 September (autumnal) [23]). The
inclination of the axis causes the varying intensity of sunray at a region, shown by the bright dark
of the Earth’s surface due to the declination shift to follow the time function. A bright surface in
the north or south indicates its location directly facing the sun during the summer. The brightest
surface at the equator indicates its location perpendicularly facing the sun during the equinoxes.
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Figure 1. The motion of the Earth around the sun [22].

350

Winter _Dec21 Ljp**"'-‘.s.;.
T
Summer
Sprmg Mar 21 .
Fall <Sept21 B,
Fall “Mar21 e
Sprlng Sept 21
Summer
Juna2l 21 \"‘ 2
Wlnter 'J\:‘:;i
23%°

Figure 2. The variations of declination angle [23].

To know the sun’s position by plotting the angular coordinates onto the horizontal plane for
azimuth angle and onto the vertical plane for altitude angle. The horizontal sun-path diagram
is a circular plane consisting of seven lanes. The northernmost and southernmost lanes each are
on June 21 (8 = +23.45°) and December 21 (8 = -23.45°), respectively. The center lanes overlap
twice in March 21 and September 21 (8 = 0°) in opposite directions. The more curved line in June
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indicates the closest to the observer in the north. The vertical sun-path diagram is a semicircular
plane. The tallest line in June indicates the closest to the observer in the north [5], [24].

2.2. Sun-path Diagram

Figure 3 displays the horizontal sun-path diagram at three latitude locations: 1°N, 48°N, and
27°S. The three-horizontal sun-path diagrams represent the world zones, namely Singapore (Lat.
1°N), Freiburg, Germany (Lat. 48°N), and Florianopolis, Brazil (Lat. 27°S). Singapore at the
equator shows a balanced curved line in the opposite directions between the summer solstice in
the north and the summer solstice in the south. Freiburg in the north has a more curved line on
the summer solstice (June 21) than the solstice in the south. On the other hand, Florianopolis in
the south has a more curved line on the summer solstice (December 21) than the solstice in the
north [25].

(€) Galme.com (e) Galsms.com

Figure 3. The horizontal sun-path diagram at three latitudes: 1°N, 48°N, and 27°S [25].

Figure 4a shows the vertical sun path during the summer solstices. The sun passes with the highest
position during the summer solstice in the north on June 22 at latitude 23.45°N. The equinoxes
and the summer solstice in the south each pass with the lower position beside. The sun passes
with the highest position during the summer solstice in the south on December 21 at latitude
23.45°S. The equinoxes and the summer solstice in the north each pass with the lower position
beside [26]. Figure 4b shows the vertical sun path during the equinoxes. The sun passes with the
highest position during the equinoxes at the equator twice a year, each on March 21 at the vernal
equinox and September 21 at the autumnal equinox. The summer solstice in the north on June
22 and the summer solstice in the south on December 22 each pass with the lower position in
opposite that is flanking the equinoxes [27].
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Figure 4. The vertical sun path: (a) In the summer solstices [26], (b) In the equinoxes [27].

2.3. Methodology

This study investigates the suns position from the perspective of the field of architecture. The
material analyzed is the angular coordinates from the results of simulation calculations.
The methodology used is simulation calculation and analysis by comparison. Simulation

Solar Energy and Sustainable Development, Votume (14) - N (1). June 2025 60



Budi Rudianto.
calculation helps to predict quickly the suns position in a specific location with the output of
numerical and graphical data. Descriptive analysis by comparisons connects the results between
latitudes that use the same pattern of the sentence structure in a paragraph. Discussions with
descriptive analysis by comparisons in paragraph format are common in architectural research.
The limitation of the study is the investigation of the sun’s position based on the simulation
calculation with the time of observation that includes four periods of the sun’s path on the same
date, which describes the highest and farthest position for a year.
This study aims to prove the position that spreads in the equatorial region to show the optimum
potential with many accesses. The targets to achieve it are to make a profile of the performance of
the position and a profile of the opportunity for the sloped surface to gain access. There are four
phases of the research as follows:

1. The first step (a) is to determine the boundaries of the latitude zone for investigation. The
equatorial region lies with a range of latitude about 10° to the north and south within the tropical
region span between Lat. 23.5°N and Lat. 23.5°S. The subtropical region consists of two parts in
the north with a span from 23.5°N to 35°N and in the south with a range from 23.5°S to 35°S
[28]. Thus, the location for investigation consists of three latitude zones. Latitude 0° represents
the low-latitude zone (i.e., equatorial region), while latitudes 35°N and 35°S represent the high-
latitude zones (i.e., subtropical region) in the north and south.

The first step (b) is to determine the sun’s path period to observe the position for a year. There are
four main periods of the path with three declination angles which represent the movement of the
sun for a year, namely § = +23.45°, § = -23.45°, and 8§ = 0°. The period on June 21 (§ = +23.45°)
is the northernmost position at latitude 23.45°N. December 21 (§ = -23.45°) is the southernmost
position at latitude 23.45°S. March 21 and September 21 (§ = 0°) are the highest positions at the
equator (Lat. 0°).

2. The second step is to determine how to investigate the angular coordinates in horizontal and
vertical. The angular coordinates include the azimuth angle (AZI) or orientation and the altitude
angle (ALT) or elevation. Figure (5a) shows three conditions of the angular coordinates for
investigation. The range of the sun’s position for investigation uses the average sunshine duration
per day in this area. Noon is a peak of the day. The balance of the sun’s position between before
and after noon is an observed phenomenon. This study uses 6 hours of sunshine duration per
day: 3 hours before noon and 3 hours after noon, which reflects the relative balance of the sun’s
position in a day.

Range of
azimuth angle

3:00 p.m\,"/___‘\‘?:oo am. @_\Ioon @ Range of

altitude angle

-2

9:00a.m.

@ HORIZONTAL VERTICAL
June 21
(6=+23.45")
December 21
(6=-23.45°
March 21
©=07
Latirude 35° a

September 21
(b) (6=0%

Figure 5. (a) The angular coordinates in horizontal and vertical, (b) The combinations of simulation calculations.

Three conditions of the angular coordinates in the range of hour angles for investigation are:
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a). Range of azimuth angle from 9:00 a.m. to 3:00 p.m. describes the width of the movement
horizontally. The horizontal range is X2 (3:00 p.m.) - X1 (9:00 a.m.).

b). Range of altitude angle from 9:00 a.m. to noon shows the high position vertically. The vertical
range is Y2 (noon) - Y1 (9:00 a.m.).

c). Point of altitude angle at noon describes the highest point vertically for a day. The vertical
point is Y2 (noon). All units are in degrees (°).

3. The third step (a) is to compute the sun’s position, which refers to three conditions of the
angular coordinates. The simulation calculation uses a free application, namely SunEarthTools.
com [29]. The program calculates the position in the sky for each location on the Earth at any
time of day. The calculation is based on equations from astronomical algorithms by Michalsky
[30]. The program is reliable for education, work, and research. The input for the supporting
data includes the angular coordinate of longitude (Lon.) 110°E, UTC +7, and the year 2021.
The output is the hourly angular in the numerical and graphical data. Figure 5b shows the
combinations of simulation calculations. Thus, the simulation calculations run on four main
path periods, viewed from three latitudes of investigation. In total, there are twelve combinations
of simulation calculations.

The third step (b) is to validate and analyze the simulation calculation results. The validation uses
a free online spreadsheet calculation: the NOAA Solar Position Calculator [31]. It is a reliable tool
for calculating the position at a specific time and geographical coordinates. The calculations are
based on equations from astronomical algorithms by Meeus [32]. The calculations are available
for a day and a year in Microsoft Excel and Open Office format. This study uses a spreadsheet
calculation for a day: NOAA_Solar_Calculations_day.xls. The validation runs by juxtaposing all
data from the simulation results with all data from the validation results. If the discrepancy data
between the simulation results and validation is close to zero, the next steps of the research can
continue.

The analysis compares the angular range in pair on the four sun path periods (i.e., June 21 and
December 21, March 21 and September 21), at each latitude of investigation. Discussions refer
to the theory in Figures 1 to 4. The differences found after juxtaposing the angular range in pairs
among three latitudes are the characteristics of the sun’s position for each latitude zone.

4. The fourth step (a) is to make a profile of the performance of the sun’s position. The profile
uses a graph of Microsoft Excel in a bar chart to display the hourly angular range of azimuth and
altitude on the four path periods. A latitude zone with a higher angular range for a year indicates
a better position than other latitude zones. The dynamic position, which meaning it has a wide
range of orientations and a balanced high elevation, which indicates the spreading position.
The fourth step (b) is to make a profile of the opportunity for the sloped surfaces to receive access.
The profile created aims to illustrate the tilted surface arrangement facing the sun’s position in the
equatorial region. If the profile can show the spreading surfaces in four main orientations, this
ensures opportunities for the inclined surfaces receiving access from many directions. Meanwhile,
the rule for orientation is to follow the clockwise direction. The north orientation is 0° or 360°,
followed by the east, south, and west at 90°, 180°, and 270°, respectively. The plus sign is for the
angle in the northern hemisphere. The minus sign is for the angle in the southern hemisphere.

3. RESULTS AND DISCUSSION

The simulation results can be accepted and used for the next steps after comparing with the
validation results, where the deviation between the two data is small (less than 0.2 degrees).

3.1. The Sun’s Position Viewed from Latitude 35°N
Table 1 presents the recapitulation of AZI and ALT on the four sun path periods, viewed from
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the observer at 35°N.

Table 1. The recapitulation of AZI and ALT viewed from latitude 35°N.

Latitude | SunPath | Angular Time | Simulation | ORI Aﬁaglflzr Validation | Deviation
Period | Coordinate | Observation °) (o)g °) °)
09:00 a.m. 97.14 SE | 171.56 97.15 -0.01
Azimuth
Jun 21 03:00 p.m. 268.70 SW 268.72 -0.02
(+23.45°) ) 09:00 a.m. 53.12 - 24.66 53.15 -0.03
Altitude
Noon 77.78 - 77.78 0.00
09:00 a.m. 141.40 SE 85.54 141.43 -0.03
Azimuth
Dec 21 03:00 p.m. 226.94 SW 226.96 -0.02
(-23.45°) 09:00 a.m. 20.58 - 10.75 20.64 -0.06
Altitude
355N Noon 31.33 - 31.36 -0.03
09:00 a.m. 122.36 SE | 12093 122.45 -0.09
Azimuth
Mar 21 03:00 p.m. 243.29 SW 243.18 0.11
(0°) ) 09:00 a.m. 37.92 - 17.38 37.85 0.07
Altitude
Noon 55.30 - 55.20 0.10
09:00 a.m. 125.54 SE | 12053 125.42 0.12
Azimuth
Sep 21 03:00 p.m. 246.07 SW 246.15 -0.08
(0°) 09:00 a.m. 40.45 - 14.49 40.53 -0.08
Altitude
Noon 54.94 - 55.06 -0.12

3.1.1. June 21 and December 21 viewed from latitude 35°N

Figure 6 shows the horizontal and vertical sun-path diagrams on June 21 at latitude 23.45°N and
December 21 at latitude 23.45°S, viewed from the observer in the north latitude. The lane on June
21 (green) with a more curved and tall line is the closest to the observer. The lane on December 21
(blue) with a slightly curved and short line is the farthest from the observer. The two paths show
a significant difference in size. The azimuth range on June 21 (171.56°) is equivalent to twice the
width on December 21 (85.54°). The altitude range on June 21 (24.66°) and the altitude at noon
on June 21 (77.78°) are also twice the height on December 21: 10.75° and 31.33°, respectively.

Noon
Noon

4
10,75°

31.33°
20.58°
o 6=+23.45° v ¥ E wld=-23.45° vy ¥
June 21 December 21

Figure 6. The horizontal and vertical sun path periods on June 21 and December 21, viewed from latitude 35°N.

The significant difference in the size of the two paths viewed from the north latitude is affected
by the sun-earth relationship and the season periods. According to Figure 1, July 4 and January
3 are the farthest and the nearest sun-earth distance, respectively. June 21 has a bigger path size
because it is closer to July 4 than December 21, which is close to January 3.
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According to Figure 2, § = +23.45° is the northern summer solstice on June 21. The area in
the north latitude has a brighter surface due to facing directly to the northern summer solstice.
The difference in the horizontal sun path of both conforms to Figure 3 in the case of Freiburg,
Germany (Lat. 48°N), which has an asymmetrically curved sun path between June 21 and
December 21. The path on the northern summer solstice on June 21 has a more curved line than
the winter solstice. Meanwhile, the difference in the vertical track agrees with Figure 4a, which
shows the higher semicircle track in the northern summer solstice on June 21 than the winter
solstice on December 21.

Thus, the observer at 35°N receives the best access during the northern summer solstice.

3.1.2. March 21 and September 21 viewed from latitude 35°N

Figure 7 displays the horizontal and vertical sun paths on March 21 and September 21, viewed
from the observer in the north latitude. Both paths overlap at the equator (Lat. 0°) on one curved
line (grey) pointing north but in opposite directions. On March 21, the path leads northward
(June), while on September 21, it goes southward (December). Even though both paths coincide
at the same position, there is a slightly different movement, particularly in vertical. The altitude
range on March 21 is 17.38°, and the point of altitude at noon is 55.30°.

Meanwhile, on September 21, these values are slightly lower at 14.49° and 54.94°, respectively.
Additionally, the azimuth range on March 21 (120.93°) is almost the same as on September 21
(120.53°).

The size difference between the two lanes viewed from the northern latitude is affected by the
sun-earth relationship and the season periods. According to Figure 1, the path size on March 21
is slightly broader because it is towards the north (June 4 as aphelion), compared to September
21, which is towards the south (January 3 as perihelion). Figure 2 shows 8 = 0° is the equinoxes
at the equator on March 21 (vernal equinox) and September 21 (autumnal equinox). The area
in the northern latitude exhibits a shadier surface due to facing obliquely to the equinoxes. The
overlapping of horizontal sun paths corresponds to Figure 3 in the case of Freiburg, Germany
(Lat. 48°N), which features a curved line that overlaps on March 21 and September 21.

The overlapping of vertical tracks aligns with Figure 4a, showing the equinoxes on March 21
and September 21 with the relatively same high of semicircle tracks but lower than the northern
summer solstice on June 21. Hence, the observer at 35°N receives less access during the equinoxes.
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Figure 7. The horizontal and vertical sun path periods on March 21 and September 21, viewed from latitude 35°N.

3.2. The Sun’s Position Viewed from Latitude 0°

Table 2 presents the recapitulation of AZI and ALT on the four sun path periods, viewed from
the observer at latitude 0°.
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Table 2. The recapitulation of AZI and ALT viewed from latitude 0°.

Latitude Sun path | Angular Time Simulation ORI Aﬁlf:lﬂzr Validation | Deviation
Period | Coordinate | Observation ©) (o)g © )
09:00 a.m. 56.26 SE 116.58 56.25 0.01
Azimuth
Jun 21 03:00 p.m. 299.68 SW 299.67 0.01
(+23.45°) 09:00 a.m. 4427 - 21.88 4431 -0.04
Altitude
Noon 66.15 - 66.16 -0.01
09:00 a.m. 124.26 SE 116.39 124.28 -0.02
Azimuth
Dec 21 03:00 p.m. 240.65 SW 240.66 -0.01
(-23.45°) _ 09:00 a.m. 45.04 - 20.93 45.09 -0.05
Altitude
0° Noon 65.97 - 65.97 0.00
09:00 a.m. 89.43 SE 178.79 89.60 -0.17
Azimuth
Mar 21 03:00 p.m. 270.64 SW 270.50 0.14
(0°) 09:00 a.m. 48.21 - 38.54 48.21 0.00
Altitude
Noon 86.75 - 86.78 -0.03
) 09:00 a.m. 89.10 SE 178.50 88.92 0.18
Azimuth
Sep 21 03:00 p.m. 270.60 SW 270.73 -0.13
(0°) . 09:00 a.m. 51.73 - 31.51 51.72 0.01
Altitude
Noon 83.24 - 83.25 -0.01

3.2.1. June 21 and December 21 viewed from latitude 0°

Figure 8 shows the horizontal and vertical sun-path diagrams on June 21 and December 21,
viewed from the observer at the equator (Lat. 0°). The paths on June 21 (green) in the north and
December 21 (blue) have the opposite curvature of lines and directions. The altitude range on
June 21 (21.88°) and the altitude at noon on June 21 (66.15°) are slightly higher than December
21: 20.93° and 65.97°, respectively. The azimuth range on June 21 (116.58°) is almost the same
width on December 21 (116.39°).

Noon

wW_ld=+23.45°
June 21 December 21

Figure 8. The horizontal and vertical sun path periods on June 21 and December 21, viewed from latitude 0°.

The slight difference in the size of the two paths viewed from the equator is affected by the sun-
earth relationship and the season periods. According to Figure 1, July 4 and January 3 are the
farthest and the nearest sun-earth distance, respectively. June 21 has a slightly higher path size
because it is closer to July 4 than December 21, which is close to January 3. According to Figure 2,
0 = +23.45° is the northern summer solstice on June 21, and § = -23.45° is the southern summer
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solstice on December 21. The area at the equator has a sunnier surface due to facing directly
to the sun in two directions (north and south) in balance. The opposite horizontal sun path of
both conforms to Figure 3 in the case of Singapore (Lat. 1°N), which has a symmetrically curved
sun path between June 21 and December 21. Meanwhile, the opposite vertical track agrees with
Figure 4b, which shows similar heights between the summer solstices in the north and south.
Thus, the observer at the equator receives good access from the two summer solstices.

3.2.2. March 21 and September 21 viewed from latitude 0°

Figure 9 displays the horizontal and vertical sun paths on March 21 and September 21, viewed
from the observer at the equator (Lat. 0°).

Both paths overlap in the same position and unify with the observer in a straight line (grey) but
with different directions.

On March 21, the path leads northward, while on September 21, the path goes southward.
Even though both paths coincide at the same position, there is a slight difference in movement,
particularly in vertical.

The altitude range on March 21 is 38.54°, and the point of altitude at noon is 86.75°. Meanwhile,
on September 21, these values are slightly lower at 31.51° and 83.24°, respectively. The azimuth
range on March 21 (178.79°) is somewhat higher than on September 21 (178.50°).

0 i Noon

S, — — e ———

SN i i 1 :
_______ Ly -->89.10° 38.54° 31i51°
= 89.43
/—Dt G2 9:00 a.m™N\ v 9:00 a.m™, ¥
= Yo ) *
86.75° 83.24
4821° 51573°
W/lao=0° vy v E W/o=0° LR ) E
March 21 September 21

Figure 9. The horizontal and vertical sun path periods on March 21 and September 21, viewed from latitude 0°.

The size difference between the two lanes viewed from the equator is affected by the sun-earth
relationship and the season periods.

According to Figure 1, the path size on March 21 is slightly broader because it is towards the
north (June 4 as aphelion), compared to September 21, which is towards the south (January 3
as perihelion). Figure 2 shows that § = 0° is the equinoxes at the equator on March 21 (vernal
equinox) and September 21 (autumnal equinox). The area at the equator exhibits the brightest
surface as it directly faces perpendicular to the equinoxes. The overlapping of horizontal sun
paths corresponds to Figure 3 in the case of Singapore (Latitude 1°N), which features a single
straight line that overlaps on March 21 and September 21.

The overlapping of vertical tracks aligns with Figure 4b, showing the equinoxes on March 21 and
September 21 are the highest semicircle tracks. The equinoxes pass at the equator flanked by the
summer solstice in the north and south, which have a lower semicircular track.

Hence, the observer at the equator receives the best access during the equinoxes.

3.3. The Sun’s Position Viewed from Latitude 35°S

Table 3 presents the recapitulation of AZI and ALT on the four sun path periods, viewed from the
observer at latitude 35°S.
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Table 3. The recapitulation of AZI and ALT viewed from latitude 35°S.

Latitude Sun path | Angular Time Simulation ORI AI? f]:llzr Validation | Deviation
Period | Coordinate | Observation °) (o)g ©) ©)
09:00 a.m. 39.35 SE 85.63 39.33 0.02
Azimuth
Jun 21 03:00 p.m. 313.72 SW 313.71 0.01
(+23.45°) 09:00 a.m. 20.10 - 11.31 20.16 -0.06
Altitude
Noon 31.41 - 31.43 -0.02
09:00 a.m. 82.19 SE 171.43 82.17 0.02
Azimuth
Dec 21 03:00 p.m. 270.76 SW 270.74 0.02
(-23.45°) 09:00 a.m. 53.88 - 23.62 53.92 -0.04
Altitude
350 Noon 77.50 - 77.49 0.01
09:00 a.m. 56.98 SE 119.44 57.09 -0.11
Azimuth
Mar 21 03:00 p.m. 297.54 SW 297.45 0.09
(0°) 09:00 a.m. 37.37 - 17.07 37.47 -0.10
Altitude
Noon 54.44 - 54.57 -0.13
09:00 a.m. 53.50 SE 118.78 53.43 0.07
Azimuth
Sep 21 03:00 p.m. 294.72 SW 294.84 -0.12
(0°) 09:00 a.m. 39.61 - 14.32 39.53 0.08
Altitude
Noon 53.93 - 53.84 0.09

3.3.1. December 21 and June 21 viewed from latitude 35°S

Figure 10 shows the horizontal and vertical sun-path diagrams on December 21 at latitude
23.45°S and June 21 at latitude 23.45°N, viewed from the observer in the south latitude. The lane
on December 21 (blue) with a more curved and tall line is the closest to the observer. The lane
on June 21 (green) with a slightly curved and short line is the farthest from the observer. The
two paths show a significant difference in size. The azimuth range on December 21 (171.43°)
is twice the width on June 21 (85.63°). The altitude range on December 21 (23.62°) and the
altitude at noon on December 21 (77.50°) are also twice the height on June 21: 11.31° and 31.41°,
respectively.

Noon

w_ld=-23.45°

December 21 June 21

Figure 10. The horizontal and vertical sun path periods on December 21 and June 21, viewed from latitude 35°S.

The significant difference in the size of the two paths viewed from the south latitude is affected
by the sun-earth relationship and the season periods. According to Figure 1, January 3 and July 4
are the nearest and the farthest sun-earth distance, respectively. December 21 is more influenced
by the change of seasons because the sun-earth distance in the south is shorter than in the north.
According to Figure 2, § = -23.45° is the summer solstice on December 21. The area in the south
latitude has a brighter surface due to facing directly to the southern summer solstice at 23.45°S.
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The difference in the horizontal sun path of both conforms to Figure 3 in the case of Florianopolis,
Brazil (Lat. 27°S), which has an asymmetrically curved sun path between December 21 and June
21. The path on the southern summer solstice on December 21 has a more curved line than the
winter solstice. Meanwhile, the difference in the vertical track agrees with Figure 4a, which shows
the higher semicircle track in the southern summer solstice on December 21 than the winter
solstice on June 21. Thus, the observer at 35°S receives the best access during the summer solstice
in the south.

3.3.2. September 21 and March 21 viewed from latitude 35°S

Figure 11 displays the horizontal and vertical sun paths on September 21 and March 21, viewed
from the observer in the south latitude. Both paths overlap at the equator on one curved line (grey)
pointing south but in opposite directions. On September 21 is the cycle that leads southward,
while on March 21 is the cycle that goes northward. Even though both paths coincide at the same
position, there is a slight difference in vertical movement. The altitude range on September 21
is 14.32°, and the point of altitude at noon is 53.93°. Meanwhile, on March 21, these values are
slightly higher at 17.07° and 54.44°, respectively. The azimuth range on September 21 (118.78°) is
almost the same as on March 21 (119.44°).

Noon Noon
— r — )
14.32° 1707*
9:00 am>™ v 9:00 a.m>_ v
53.93°4 54.44°4
39.61° 3787
wlo=0 y. 'y g wlo=0 v v E
September 21 March 21

Figure 11. The horizontal and vertical sun path periods on September 21 and March 21, viewed from latitude 35°S.

The size difference between the two paths viewed from the south latitude is affected by the sun-
earth relationship and the season periods. According to Figure 1, the path size on September
21 is slightly narrower because it is towards the south (January 3 as perihelion), compared to
March 21, which is towards the north (July 4 as aphelion). Figure 2 shows 8 = 0° is the equinoxes
at the equator on September 21 (vernal equinox) and March 21 (autumnal equinox). The area
in the south latitude exhibits a shadier surface because it faces obliquely to the equinoxes. The
overlapping of horizontal sun paths corresponds to Figure 3 in the case of Florianopolis, Brazil
(Lat. 27°S), which features a curved line that overlaps on September 21 and March 21. The
overlapping of vertical tracks aligns with Figure 4a, showing the equinoxes on September 21 and
March 21 with the relatively same high of semicircle tracks but lower than the southern summer
solstice on December 21. Hence, the observer at latitude 35°S receives less access during the
equinoxes.
The difference in the angular range of AZI and ALT is the characteristic of the sun’s position in
each latitude zone. The summaries of the discussions are as follows:
« The range of AZI or orientation from 9:00 a.m. to 3:00 p.m. above 100 degrees:

For latitude 0° includes four sun path periods: June 21 (116.58°), December 21 (116.39°),
March 21 (178.79°), and September 21 (178.50°). For latitude 35°N includes three sun path
periods: June 21 (171.56°), March 21 (120.93°), and September 21 (120.53°), while for latitude
35°S: December 21 (171.43°), March 21 (119.44°), and September 21 (118.78°). The total range
for latitude 0° (590.26°) is higher than latitude 35°N (498.56°) and latitude 35°S (495.28°).
« The range of ALT or elevation from 9:00 a.m. to noon above 20 degrees:

For latitude 0° includes four sun path periods: June 21 (21.88°), December 21 (20.93°),
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March 21 (38.54°), and September 21 (31.51°). For latitude 35°N includes one sun path period:
June 21 (24.66°), while for latitude 35°S: December 21 (23.62°). The total range for latitude 0°
(112.86°) is higher than latitude 35°N (67.28°) and latitude 35°S (66.32°).
« The point of ALT or elevation at noon above 60 degrees:

For latitude 0° includes four sun path periods: June 21 (66.15°) in the north, December 21
(65.97°) in the south, and March 21 (86.75°) and September 21 (83.24°).

For latitude 35°N includes one sun path period: June 21 (77.78°), while for latitude 35°S:
December 21 (77.50°).
Latitude 0°, which has a range of AZI of more than 100 degrees on the four sun path periods,
describes the broad orientation. Latitude 0°, which has a range of ALT of more than 20 degrees
on the four sun path periods, indicates the balance elevation. Latitude 0°, which has the point
of ALT at noon relatively perpendicular on two sun path periods, demonstrates the highest
elevation in a long period. The high average angular range horizontally and vertically allows the
tilted surfaces to receive access from many directions due to the spreading sun’s position in the
equatorial region.
All phenomena observed follow the latitude function and the time function. The elliptical orbit of
the Earth causes a difference in the sun-earth distance. The declination angle shift in the change of
seasons causes different exposure on the surface side of the Earth. The sun’s position viewed from
the northern hemisphere is the opposite as viewed from the southern hemisphere. However, the
angular range in the north latitude is slightly broader than in the south latitude. Meanwhile, the
phenomenon of the sun’s position viewed from the equator shows privilege because its region is
crossed by the sun twice a year in balance. Hence, the sun’s position in this region has a broader
angular range horizontally and a balanced angular range vertically than the other latitude zones.
Figure 12 displays the performance of the sun’s position at three latitude zones. The graph
discloses the characteristics of the sun’s position at each latitude zone. The angular observed
include azimuth angle range (blue), altitude angle range (red), and altitude angle at noon (green).
Latitude 0° has a better performance of the sun’s position than other latitude zones.
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Figure 12. The performance of the sun’s position at three latitudes: 35°N, 0°, and 35°S.

Latitude 0° has a high average angular range on four sun path periods: March 21, September
21, June 21, and December 21. The equinoxes are the best angular range, on March 21 with an
azimuth range of 178.79°, an altitude range of 38.54°, and a noon position of 86.75°. The equinox
on September 21 also exhibits high angular ranges. Meanwhile, latitude 35° has a high average
angular range only during one sun path period: June 21 for latitude 35°N and December 21 for
latitude 35°S. For latitude 35°N, the azimuth range is 171.56°, the altitude range is 24.66°, and
the noon position is 77.78°. For latitude 35°S, the azimuth range is 171.43°, the altitude range is
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23.62°, and the noon position is 77.50°. Thus, latitude 0° shows a balanced position throughout
the year, while latitudes 35°N and 35°S show a focus on one sun path period in summer.

The implications of the sun’s position in the subtropical regions show the suitability. In the north,
Choi [36] in Korea studied kinetic solar panels on south-facing building facades to maximize
energy generation. Similarly, Qadourah et al. [37] showed the roof and fagade facing south as the
highest radiation reception for solar panels in Jordan. Meanwhile, Balter et al. [38] in Argentina
investigated north-facing facades and roofs to improve building energy performance. Yang et al.
[39] observed photovoltaic/thermal collectors on north-facing double-skin facades to increase
energy efficiency in Australia. However, the equatorial region has not utilized comprehensively
the character of the sun’s position that spreads. Here, the influence of the subtropical region
approach is still dominant in optimum studies.
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Lat.0° December21
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Figure 13. The profile of the opportunity for the tilted surface to receive access.

The profile in Figure 12 has proven that the spreading sun’s position in the equatorial region.
Figure 13 illustrates the profile of the opportunity of the inclined surfaces to receive access. The
tilted surfaces in the equinoxes on March 21 and September 21 show the best opportunity for
exposure from many orientation directions because it is the highest position and the longest
period. The tilted surfaces in the summer solstices on June 21 and December 21 show the
opportunity for exposure from one orientation because it is the farthest sun’s position in the
north and south, respectively.

The equinoxes are the center of access for location at the equator because the sun passes twice a
year with opposite cycles, so it has a long period covering spring and autumn. The highest sun’s
position in the equinoxes allows the low-inclined surfaces in opposite orientations facing four
cardinal directions to receive access concurrently. This is the optimum potential in the equatorial
region, which can be obtained with many combinations of orientation and tilt angle.

4. CONCLUSIONS

The findings from the study are as follows:
o The sun-earth relationship due to the elliptical orbit of the Earth and the season periods due to
the declination angle shift are parameters that cause differences in angular ranges as a character
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of the sun’s position for each latitude zone.

« The equatorial region has a broader orientation range and relatively balanced altitude during

the year than other regions, as measured in the following three angular range conditions.

- o The range of orientation from 9 a.m. to 3 p.m. with angles above 100 degrees on latitude 0°
includes four sun path periods: March 21 (178.79°), September 21 (178.50°), June 21 (116.58°),
December 21 (116.39°). While, latitude 35°N includes three periods: June 21 (171.56°), March
21 (120.93°), and September 21 (120.53°). Similarly, latitude 35°S experiences three periods:
December 21 (171.43°), March 21 (119.44°), and September 21 (118.78°).

- o The range of elevation from 9 a.m. to noon with angles above 20 degrees on latitude 0°
includes three sun path periods: March 21 (38.54°), September 21 (31.51°), June 21 (21.88°),
December 21 (20.93°). Latitude 35°N experiences one period: June 21 (24.66°), and also
latitude 35°S on one period: December 21 (23.62°).

- o The elevation at noon with angles above 60 degrees on latitude 0° includes four sun path
periods: March 21 (86.75°), September 21 (83.24°), June 21 (66.15°), and December 21
(65.97°). Meanwhile, latitude 35°N experiences one period: June 21 (77.78°), and also latitude
35°S on one period: December 21 (77.50°).

It proves the equatorial region has geographical advantages from the sun’s position that spreads,

so there is an opportunity for the two low-sloped surfaces in opposite orientations to receive

access at the same time. These results confirm its suitability with a group of solar energy studies
in the equatorial region that stated the optimum orientation facing non-perpendicular, as shown

by [13], [14], [15], [16], [17], [18], [19].

« This study contributes in-depth knowledge of the dynamic position in the equatorial region,

which opens an opportunity to receive solar access that is not monotonous with one orientation

but with many. In a sustainable context, urban settlements in the equatorial region have the
potential to utilize the varying roof configurations with integrated photovoltaics to provide clean
energy needs at the community level.
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