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This study investigated the influence of site location, tilt angle, and solar
orientation on Ethiopia’s photovoltaic (PV) module performance. We
determined optimal tilt angles for different time scales and locations across
the country by analyzing global horizontal radiation data and employing various
decomposition and transposition models. Results showed that optimal tilt angles
increase with latitude, ranging from 0° to 47.9° monthly and from 14.1° to 21.5°

annually. Seasonal optimal tilt angles were found to be 29.2°, 21.65°, 12.34°, and
8.8° for winter, autumn, spring, and summer, respectively. Additionally, the study
compared the performance of PV modules with different tracking mechanisms.
Dual/full-axis tracking yielded the highest energy gain (44.89%), while NS tracking
resulted in a significant loss (28.46%). This research provides valuable insights for
optimizing Ethiopia’s PV system design and installation, aiding in accurate energy
assessment and forecasting.
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1 Introduction

Solar energy, a sustainable and abundant resource, has emerged as a promising solution
to global energy challenges. Photovoltaic (PV) modules and panels are pivotal devices for
harnessing solar radiation and converting it into electricity (Lamoureux et al., 2015; Gao
et al., 2016). Optimizing the installation of these panels is crucial to maximize energy
output. Solar irradiance, ground reflectance, tilt angle, and orientation significantly
influence PV system performance (Benghanem, 2011). While Ethiopia’s geographic
location in the northern hemisphere necessitates southward-facing installations as
illustrated in Figure 1, careful consideration of these factors is essential for achieving
optimal energy yield and contributing to a sustainable energy future.
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Abbreviations: HT , Total irradiance on the tilted surface [W/m2]; Hb, Direct or beam irradiance [W/m2];
Hd, Diffused irradiance [W/m2];Hr , Reflected irradiance [W/m2]; Ta , Ambient temperature [oC];WS, Wind
speed [m/s]; Pdc0, DC-power reference condition [W]; γpdc , Temperature coefficients power [1/oC]; αsc ,
Normalized temperature coefficient for Isc [1/°C]; Imp−ref , Current at maximum power point at reference
conditions [A]; Isc−ref , Short circuit current at reference conditions [A]; IL−ref , Light-generated current at
reference conditions [A]; Io−ref , Diode saturation current at reference conditions [A]; Ix , Current atmodule
V = 0.5*Voc; Ixx , Current at module V = 0.5*(Voc + Vmp); Imp, Current at the maximum power point [A]; Isc ,
Short circuit current [A]; Vmp−ref , Voltage at maximum power point at reference conditions [V]; Voc−ref ,
Open circuit voltage at reference conditions [V]; Rs , Series resistance [Ω]; Rsh, Shunt resistance [Ω]; βvoc ,
Temperature coefficient for module open-circuit-voltage [V/oC]; αmp, Normalized temperature
coefficient for Imp [1/°C].
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The optimal tilt angle for PV modules/panels is a crucial
factor in maximizing solar energy capture. This angle is
influenced by factors such as latitude, location-specific solar
radiation patterns, and the application of accurate modeling
techniques (Yadav and Chandel, 2013). While latitude-based
rules of thumb are commonly used, they often lack precision
for diverse geographical regions (Ashetehe et al., 2022). Table 1
presents a compilation of optimal tilt angles for various global

locations, offering a more comprehensive approach to solar panel
installation.

Solar tracking systems, which adjust PV panel orientation to
follow the sun’s path, significantly enhance solar energy capture
compared to fixed-tilt systems (Zhu et al., 2020). These systems are
essential for various PV applications, including rooftop and large-
scale plants (Wang and Sueyoshi, 2017). Numerous studies have
explored the performance benefits of different tracking systems.

FIGURE 1
World map: northern and southern hemisphere (Goldberg and Gott, 2007).

TABLE 1 Some of the previous works that were conducted to determine optimal tilt angles at different cities across the world.

Author [year] Location Latitude [o] Tilt angle [o]

Ortner et al. (2015) Germany 51.2 45

Skeiker (2009) Damascus 33.5 30.6

Jacobson and Jadhav (2018) Hong Kong 22.4 20

Safdarian and Nazari (2015) Tehran 35.7 35.7

Darhmaoui and Lahjouji (2013) Gaza Strip 31.5 32.1

Tang and Wu (2004) Beijing 39.9 39.2

Ashetehe et al. (2022) Addis Ababa 9.02 13.7

Berisha et al. (2017) Pristina 42.7 34.7

Yakup and Malik (2001) Darussalam 4.5 3.3

Darhmaoui and Lahjouji (2013) Tunis 33.9 33.8

Abdallah et al. (2020) Palestine 31.9 29

Abdallah et al. (2020) Jerusalem 31.7 29.17

Abdallah et al. (2020) Gaza 31.5 28.95
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FIGURE 2
Illustrates various PV module tracking systems: (A) fixed horizontal, (B) fixed tilted south-facing, (C) inclined East-West, (D) vertical-axis, (E) North-
South, (F) East-West, and (G) dual-axis (Zhu et al., 2020; Chang et al., 2009; Okoye et al., 2016).

TABLE 3 Equations of solar angle parameters that are implemented for different tracking mechanisms (Zhu et al., 2020).

Dual tracker Vertical-axis tracker EW/IEW tracker NS tracker

θ � 0 θ � θz − βOpt sx � cos δ cosω cos(ϕ − β) + sin δ sin(ϕ − β) γ � tan−1(tan θz cos γs)
θ � cos−1(sin θz cos γs sin γ + cos θz cos γ)

β � θz β � βOpt sy � −cos(δ) sin(ω)

θ � cos−1(
������
s2x + s2y

√
)

γ � γs γ � γs β � cos−1(sx cos(β)����
s2x+s2y

√ ) β � γ

TABLE 2 Some of the previous works on optimizing solar radiation
incidence on PV modules using different tracking mechanisms worldwide.

Author [year] Location Tracking mechanisms

Al-Mohamad (2004) Syria EW tracking

Chang (2009) Taiwan NS tracking

Abdallah and Badran (2008) Jordan V-axis tracking

Lazaroiu et al. (2015) Italy IEW tracking

Lave and Kleissl (2011) United States Dual-axis tracking

Ghosh et al. (2010) Bangladesh Dual and IEW tracking

Ma et al. (2011) China Dual and V-axis tracking

Nann (1990) Singapore Dual and EW tracking

Neville (1978) United States Dual, EW, and IEW tracking

Okoye et al. (2016) Nigeria Dual, NS, and IEW tracking

Koussa et al. (2011) Algeria Dual, V-axis, and IEW tracking

FIGURE 3
Power generation of Ethiopia (Mekonnen et al., 2021).
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Table 2 presents a summary of tracking mechanisms implemented
in different regions worldwide.

Here the study employed five solar tracking mechanisms: dual-
axis, vertical-axis inclined surface, north-south, east-west, and
inclined east-west axis tracking as illustrated in Figure 2. These
configurations were implemented for 30 combination models (five
decompositions and six transpositions) across the country. The solar
angle parameters for each mechanism, as illustrated in
Supplementary Figure S1 (Supplementary Material), are provided
in Table 3.

It is worth that, there is only 48.3% of the population had access
to electricity in 2019, according to World Bank data, even if an
enormous number of scholars were conducted worldwide (The
World Bank, 2024). As a result, 92.8% of people live in cities and
36.3% in rural areas are electrified. Ethiopia, a country in East Africa
with abundant solar resources, exhibits one of the lowest (hardly
any) rates of solar energy production in the region as depicted in
Figure 3 (Mekonnen et al., 2021). In addition, it is one of the least
electrified countries and plans to construct new power plants; solar
energy is one of the prior options for future sustainability for such a
country. Consequently, we implemented different mechanisms to
optimize the solar energy generated by the solar PV module/panel
across the country.

This study proposes a novel machine learning model for highly
accurate global horizontal irradiance (GHI) prediction in Ethiopia
(with, R2 > 0.95, NSE > 0.94). An optimization framework
determines optimal solar panel tilt angles, considering radiation
distribution and tracking systems. The model incorporates panel
characteristics for realistic energy potential and system performance

estimates. This research emphasizes site-specific considerations for
accurate solar energy system design and parameterization,
supporting Ethiopia’s sustainable energy transition.

2 Study area, POA irradiance and PV
cell/module

2.1 The study area

We utilized Python and ArcMap to process and analyze GHI
data from the National Meteorological Institute (NMI) of Ethiopia.
After preprocessing the data, we employed a stacked machine
learning (ML) model to generate a (1° × 1°) GHI map of
Ethiopia for 2022 as illustrated in Figure 4.

2.2 POA irradiance and PV cell/
module models

We employed five decomposition models Erbs et al. (1982),
DISC (Maxwell, 1987), Boland et al. (2013), Louche et al. (1991), and
Orgill and Hollands (1977) to derive DNI, DHI, and ground-
reflected irradiance from GHI. Subsequently, we utilized three
isotropic Liu and Jordan (1960), Badescu (2002), and Koronakis
(1986) and three anisotropic [Reindl et al. (1990), Hay (1979), and
Steven and Unsworth (1980)] models to estimate POA irradiance.
Finally, we integrated the POA data into PVSystem.calcparams_cec
() to determine PV module parameters (Isc, Voc, Imp, Vmp, maximum

FIGURE 4
Study area and data source;map of Africa (A), map of Ethiopia, and stations that ground observational GHI [inW/m2] were accessed [green circlewith
a black dot at the center] (B), estimated 1° by 1° GHI map of Ethiopia using stacked (ensemble d) ML model (C).
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power, efficiency) using a Canadian Solar module datasheet (see
Supplementary Table S1) as depicted in Figure 5.

3 Results and discussion

This research aimed to optimize PV integration into Ethiopia’s
power infrastructure by determining ideal tilt angles and tracking

mechanisms. Section 3.1 analyzed the optimal tilt angle’s monthly,
seasonal, and annual variation with latitude. Section 3.2 assessed the
spatial distribution of PV module performance for both horizontal
and optimally tilted configurations. Finally, Section 3.3 evaluated the
impact of different tracking mechanisms on PV module
performance nationwide. The study considered four seasons:
winter (Dec-Feb), spring (Mar-May), summer (Jun-Aug), and
autumn (Sep-Nov).

3.1 Optimal tilt angle

3.1.1 Monthly optimal tilt angle
Figure 6 illustrates the monthly distribution of optimal PV

module tilt angles across the country. A clear correlation

FIGURE 5
Depicts decomposition and transposition models (A), POA irradiance components (B), optimum tilt angle determination (C), and solar PV module
electrical parameters (D).

FIGURE 6
Monthly optimal tilt angle as a function of latitude (Erbs et al.-Liu-
Jordan combination).

TABLE 4Derivedmonthly optimal tilt anglemodels across the country (Erbs
et al.-Liu-Jordan combination).

Months Equations Months Equations

Jan. βopt � 1.05ϕ + 32.04 Jul. βopt � 0

Feb. βopt � 1.05ϕ + 20.58 Aug. βopt � 0

Mar. βopt � 1.04ϕ + 3.68 Sep. βopt � 0.90ϕ − 2.92

Apr. βopt � 1.01ϕ + 2.93 Oct. βopt � 0.97ϕ + 16.23

May βopt � 1.01ϕ + 0.93 Nov. βopt � 0.88ϕ + 33.6425.68

Jun. βopt � 0 Dec. βopt � 0.74ϕ + 33.64
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emerges: higher latitudes necessitate larger tilt angles. The optimal
tilt range spans from 0° in the summer months (June, July, August)
to 47.9° in January. This suggests that maximizing solar gain during
winter and autumn requires steeper PV module tilts. Conversely,
shallower tilts are suitable for spring, while no tilt is needed in
summer. Table 4 presents linear regression equations relating
optimal tilt angle to latitude for the Erbs-Liu-Jordan model
combination. Similar trends are observed in studies by Aksoy
et al., Yunus et al., and Alhamer et al., confirming the latitude-
dependent nature of optimal tilt angles for solar gain maximization

(Aksoy Tırmıkçı and Yavuz, 2018; Yunus Khan et al., 2020; Alhamer
et al., 2022).

3.1.2 Seasonal optimal tilt angle
Figure 7 illustrates the seasonal variation of optimal tilt angles

across the country, based on 30 Erbs-Liu-Jordan combination
models. The average optimal tilt angle ranges from 24.80° to
33.60° in winter, 17.53°–25.77° in autumn, 8.67°–16.00° in spring,
and 7.47°–10.13° in summer. This trend, where higher tilt angles are
required in winter and lower angles in summer for maximum solar
gain, aligns with the findings of Ashetehe et al. (2022). The linear
relationships between latitude and optimal tilt angle for each season
are detailed in Supplementary Table S2–S5.

The analysis of 30 decomposition and transposition model
combinations for optimal tilt angle estimation during autumn
revealed significant variations in accuracy, with R2 values ranging
from 0.05 to 0.92. DISC-Reindl and Louche-Koronakis models
demonstrated the highest and lowest correlations, respectively,
emphasizing the importance of model selection. Anisotropic
transposition models consistently yielded higher optimal tilt
angles. Similar trends were observed for spring, with R2 values
ranging from 0.00 to 0.80. DISC-Koronakis, Orgill-Holland-
Koronakis, Orgill-Holland-Liu-Jordan, Orgill-Holland-Hay, and
Louche-Koronakis combinations exhibited the strongest
correlations, while DISC and Erbs et al. with Liu-Jordan showed
the weakest. In contrast, most models indicated a zero optimal tilt
angle for summer, except for Boland-Liu-Jordan, Boland-Steven-
Unsworth, DISC-Hay, Louche-Steven-Unsworth, and Orgill-
Holland-Steven-Unsworth, which exhibited weaker correlations
and non-zero tilt angles. This suggests the influence of the
additional term in anisotropic models for diffused radiation
coefficient. The winter season required substantial tilt angle

FIGURE 7
Seasonal distribution of optimal tilt angle across the country (Erbs
et al.-Liu-Jordan combination model).

FIGURE 8
Seasonal optimal tilt angle distribution map of Ethiopia.
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adjustments, as evidenced by the higher slopes in the models
compared to spring and summer. These findings underscore the
importance of considering seasonal variations and model selection
for accurate optimal tilt angle estimation and maximizing solar
energy capture. Figure 8 illustrates the spatial distribution of
seasonal optimal tilt angles across the nation.

3.1.3 Annual optimal tilt angle
The annual optimal tilt angle in Ethiopia, varying from 14.10° to

21.53°, is consistently higher than the latitude by 7°–10° as depicted
in Figure 9. This observation aligns with previous research and
highlights the positive correlation between latitude and optimal tilt

angle, where higher latitudes necessitate steeper panel inclinations
for optimal solar energy harvesting (Duffie and Beckman, 1980).
The linear model equation used to calculate the annual optimal tilt
angle is also presented in Supplementary Table S6 and
Supplementary Figure S2.

Overall, while frequent solar PV panel tilt adjustments can boost
energy production, the labor costs often overshadow the gains.
Studies indicate that less frequent adjustments, like quarterly or
annually, can still yield substantial energy increases, ranging from
0% to 19.49% across various locations across the nation (Al Garni
et al., 2019; Machidon and Istrate, 2023; Osmani et al., 2021). This
approach balances energy maximization with cost minimization.

FIGURE 9
Annual optimal tilt angle distribution map of Ethiopia.

TABLE 5 PV module performance and landmass coverage in (%): horizontal mount.

Summer [area: %] Spring [area: %] Autumn [area: %] Winter [area: %]

Horizontal 6.88–9.47 [50.23] 9.16–10.96 [30.82] 8.73–10.51 [32.49] 9.30–10.82 [45.01]

9.48–12.06 [49.77] 10.97–12.75 [69.18] 10.52–12.29 [67.51] 10.83–12.34 [54.99]

TABLE 6 PV module performance and landmass coverage in (%): optimal tilt angle.

Summer [area: %] Spring [area: %] Autumn [area: %] Winter [area: %]

Tilted surface 6.88–9.47 [50.23] 9.69–11.53 [30.28] 8.81–10.71 [41.54] 11.59–12.93 [29.55]

9.48–12.06 [49.77] 11.54–13.36 [69.72] 10.72–12.60 [58.46] 12.94–14.27 [70.45]

TABLE 7 PV module performance and landmass coverage in (%): vertical-axis tracking.

Summer [area: %] Spring [area: %] Autumn [area: %] Winter [area: %]

Vertical-axis tracking 6.88–9.47 [50.23] 11.08–13.36 [38.21] 11.00–13.35 [44.10] 15.11–16.90 [35.28]

9.48–12.06 [49.77] 13.37–15.63 [61.79] 13.36–15.71 [55.90] 16.91–18.69 [64.72]
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The optimal adjustment frequency varies based on geographic
location, panel tilt, and local solar irradiance patterns. However,
for most installations, quarterly or annual adjustments are sufficient
to achieve significant energy yields. Frequent adjustments, though
beneficial, often have diminishing returns on investment. Thus, a
tailored adjustment schedule can optimize energy production while
minimizing operational expenses.

3.2 PV module performance

3.2.1 PV module mount at horizontal
Horizontally oriented PV modules in Ethiopia exhibit

significant seasonal performance variations as illustrated in
Table 5. Spring consistently yields the highest efficiency,
ranging from 9.16% to 12.75%. Winter follows closely, with an

TABLE 8 PV module performance and landmass coverage in (%): EW/IEW tracking.

Summer [area: %] Spring [area: %] Autumn [area: %] Winter [area: %]

EW/IEW-axis tracking 9.82–12.63 [50.49] 13.37–14.98 [30.37] 12.83–15.02 [42.28] 13.10–15.04 [32.71]

12.64–15.44 [49.51] 14.99–16.59 [69.63] 15.03–17.20 [57.72] 15.05–16.99 [66.07]

TABLE 9 PV module performance and landmass coverage in (%): NS tracking.

Summer [area: %] Spring [area: %] Autumn [area: %] Winter [area: %]

N-S tracking 5.70–7.06 [56.26] 6.42–8.56 [56.78] 6.87–7.47 [51.62] 5.84–7.07 [35.30]

7.07–8.42 [43.74] 8.57–10.70 [43.22] 7.48–8.08 [48.38] 7.08–8.29 [64.70]

TABLE 10 PV module performance and landmass coverage in (%): Dual tracking.

Summer [area: %] Spring [area: %] Autumn [area: %] Winter [area: %]

Dual-axis tracking 10.26–13.04 [51.64] 13.69–15.34 [30.24] 12.82–15.01 [42.39] 15.91–17.64 [33.78]

13.05–15.82 [48.36] 15.35–16.99 [69.76] 15.02–17.27 [57.61] 17.65–19.37 [66.22]

FIGURE 10
Illustrates the annual distribution of PVmodule efficiency (η) for variousmounting configurations: horizontal (A), optimal tilt (B), dual/full tracking (C),
vertical-axis tracking (D), EW/IEW tracking (E), and NS tracking (F).
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efficiency range of 9.30%–12.34%. Autumn and summer exhibit
lower performance, with efficiency ranges of 8.31%–11.93% and
6.88%–12.06%, respectively. A spatial analysis reveals that over
70% [i.e (area/total sum) × 100; for instance, the total sum of
Ethiopia is ~ 1.136 × 106 km (Gao et al., 2016)] of the country
experiences high efficiency (10.97%–12.75%) during spring. In
contrast, over 50% of the landmass faces reduced efficiency
(6.88%–9.47%) in summer. Winter and autumn demonstrate
intermediate performance, with 55% and 67% of the landmass,
respectively, experiencing efficiency ranges of 10.83%–12.34%
and 10.52%–12.29%. Understanding this spatial and seasonal
distribution is crucial for optimizing solar energy harvesting
and site selection in Ethiopia. By considering these factors,
stakeholders can make informed decisions to maximize the
potential of solar energy in the country. For further insight
see Supplementary Figure S3.

3.2.2 PV module mount at optimal angle
PV modules mounted at optimal angles exhibited seasonal

performance variations across the nation as illustrated in Table 6.
Winter proved to be the most productive season, followed by spring,
autumn, and summer. Efficiency ranged from 11.59% to 14.27% in
winter, 9.59%–13.36% in spring, 8.81%–12.60% in autumn, and
6.88%–12.06% in summer. This optimal tilting yielded solar gains of
0%–19.49% compared to horizontal mounting, with no tilting
required in summer. To further analyze performance, landmass
coverage was assessed. Over 70% of the nation experienced 12.94%–

14.27% efficiency in winter, while over 50% faced 6.88%–9.47%
efficiency in summer. Spring and autumn showed intermediate
performance with 11.54%–13.36% and 10.72%–12.60% efficiency
over 69% and 58% of the landmass, respectively (see Supplementary
Figure S4). Supplementary Figure S5 also shows the increased solar
energy gain achieved by mounting PV modules at the optimal tilt
angle compared to a horizontal mounting.

3.3 Tracking mechanisms

3.3.1 Vertical-axis tracking
Vertical-axis tracking significantly enhances solar energy

capture, particularly during winter, as evidenced by the increased
efficiency (15.11%–18.69%) compared to optimal tilt angle (11.00%–
15.71%) and horizontal mounting (0%–30.68% gain).While autumn
performance improves, summer benefits are minimal (0% gain).
Notably, over 64% of the nation experiences high winter efficiency
(16.91%–18.69%), contrasting with summer’s widespread low
efficiency (6.88%–9.47%) across 50% of the landmass.
Intermediate performance occurs in autumn (13.36%–15.71%)
and spring (13.37%–15.63%) across 55% and 61% of the
landmass, respectively (see Supplementary Figure S6). Table 7
details the seasonal performance of a vertical-axis tracking PV
modules/panels. Supplementary Figure S7 also demonstrates the
increased solar energy gain achieved by mounting PVmodules using
vertical axis tracking compared to the use of an optimal tilt angle or
horizontal mounting.

FIGURE 11
Annual solar energy gain for different implemented mechanisms
relative to horizontally mounted solar PV module/panel.

TABLE 11 PV module performance and landmass coverage in (%): Annual.

Horizontal 8.73–9.32 9.33–9.92 9.93–10.51 10.5–11.11 11.1–11.70 11.7–12.29

Area [%] 3.9 14.69 13.9 30.45 24.44 12.62

Opt_Angle 9.12–9.73 9.74–10.34 10.4–10.9 11.0–11.56 11.6–12.17 12.2–12.78

Area [%] 3.69 14.67 13.99 25.16 28.49 14

DAT 13.3–13.9 13.9–14.6 14.8–15.2 15.2–15.88 15.9–16.54 16.6–17.19

Area [%] 5.81 13.43 13.63 23.96 28.64 14.52

V-axis 11.1–11.8 11.8–12.5 12.5–13.1 13.1–13.81 13.8–14.50 14.5–15.18

Area [%] 13.87 10.84 16.77 22.54 20.86 15.13

EW/IEW 13.1–13.8 13.8–14.4 14.4–15.04 15.1–15.69 15.7–16.34 16.4–16.99

Area [%] 6.00 13.19 13.52 23.73 28.69 14.87

NS 6.34–6.73 6.74–7.13 7.14–7.52 7.53–7.91 7.92–8.31 8.32–8.70

Area [%] 5.21 16.24 28.62 18.83 22.4 8.69
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3.3.2 East-west (EW/IEW) tracking
Adjusting PV modules at an optimal tilt angle or implementing

EW/IEW tracking significantly improved winter performance, with
efficiencies ranging from 15.91% to 19.37%. This outperformed
spring (13.37%–16.59%), autumn (12.83%–17.20%), and summer
(9.82%–15.44%) seasons. EW/IEW tracking increased solar energy
gain by 33.36%–63.00% compared to horizontal mounting, 33.36%–
40.22% compared to optimal tilt, and 4.40%–33.36% compared to
vertical-axis tracking. In winter, over 66% of the nation experienced
15.05%–16.99% efficiency, while summer saw a significant drop to
9.82%–12.63% over 50% of the landmass. Spring and autumn had
intermediate performance, with 15.03%–17.20% (69% landmass)
and 14.99%–16.59% (57% landmass) efficiency ranges, respectively
(see Supplementary Figure S8). Table 8 provides a detailed
breakdown of the seasonal performance of east-west axis tracking
solar panels. Additionally, Supplementary Figure S9 illustrates the
significant increase in solar energy yield achieved by employing an
east-west tracking system for mounting solar panels compared to
vertical axis tracking, optimal tilt angle positioning, or a horizontal
mounting configuration.

3.3.3 North-south (NS) tracking
NS tracking was found to be ineffective for low-latitude

countries like Ethiopia, as confirmed by previous research
Bahrami et al. (2016). PV modules with NS tracking exhibited
the best performance in the spring season, with efficiency
ranging from 6.42% to 10.70% as illustrated in Table 9. In
contrast, winter, autumn, and summer seasons showed lower
efficiency, with maximum losses of 63.00%, 40.22%, and 33.36%,
respectively, compared to horizontal, optimal tilt, vertical axis, and
IEW tracking (see Supplementary Figure S11). Over 56% of the
nation experienced 6.42%–8.56% efficiency in spring, while winter,
autumn, and summer seasons had lower coverage rates of 64%, 51%,
and 56%, respectively (see Supplementary Figure S10).

3.3.4 Dual-axis or full tracking (DAT)
Dual-axis tracking significantly enhanced solar energy

generation, especially in winter, compared to other tracking
mechanisms or fixed-tilt installations. Winter PV module
efficiency ranged from 15.91% to 19.37%, surpassing spring
(13.69%–16.99%), autumn (12.82%–17.27%), and summer
(10.29%–15.82%) as illustrated in Table 10. The maximum solar
energy gains relative to fixed-tilt, vertical-axis, IEW, and NS tracking
were 62.99%, 40.26%, 37.71%, and 14.64% in winter, respectively
(see Supplementary Figure S13). Notably, dual-axis and EW/IEW
tracking yielded similar performance, particularly in winter and
autumn, suggesting that EW/IEW tracking is a cost-effective
alternative. Over 66% of the nation experienced high winter
efficiency (17.65%–19.37%), while spring, autumn, and summer
saw 70%, 57%, and 51% of the landmass with efficiency ranges of
15.35%–16.99%, 15.02%–17.27%, and 10.26%–13.04%, respectively
(see Supplementary Figure S12).

3.3.5 Annual performance
The annual performance efficiency of PV modules ranged

from 8.73% to 17.19%, with dual/full tracking yielding the
highest performance, followed closely by EW/IEW tracking as
illustrated in Figure 10. Compared to horizontally mounted

modules, dual/full tracking increased annual solar energy gain
by up to 50.62%, while EW/IEW tracking increased it by up to
1.22% as presented in Figure 11. This suggests that
implementing yearly optimal tilt angle for south-facing PV
modules with EW/IEW tracking might be sufficient,
potentially eliminating the need for specific IEW tilt angle
calculations. Table 11 provides a detailed breakdown of the
annual performance of PV module/panel at different scenarios.

Solar tracking systems can significantly enhance solar energy
harvesting, but their maintenance and operational costs pose
significant challenges (Lorilla and Barroca, 2022; Sadat-
Mohammadi et al., 2018). The moving parts of these systems
are prone to wear and tear, particularly in harsh environments
(Walker et al., 2020). Complex electrical components are also
susceptible to failures and degradation. Access to skilled
technicians and spare parts, especially in remote areas, can
further increase maintenance costs and downtime. Therefore,
a thorough evaluation of these factors is crucial to assess the
overall cost-effectiveness of solar tracking systems in specific
applications.

4 Conclusion

This research investigated the optimal tilt angles for
photovoltaic (PV) modules across Ethiopia, considering various
decomposition and transposition models. The study found that
the optimal tilt angle increases with latitude for most months
and seasons, except for the summer months (June, July, August).
The annual optimal tilt angle was determined to be 7–10° greater
than the latitude. Different tracking mechanisms were also
evaluated, with dual-axis tracking showing the highest
performance gain, followed by east-west/inclined east-west
tracking. Vertical-axis tracking also yielded significant
improvements, while north-south tracking resulted in a
performance loss compared to horizontal mounting. This study
provides valuable insights for PV system design and installation in
Ethiopia. Future research will focus on refining solar energy
prediction models by incorporating detailed environmental data
and considering various PV module types.
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