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Mozambique. An analytical approach was utilized to measure the high—frequency variations
in the clear—sky index (K') and its increments (AK"). The results indicate that the K’ fluc-
tuations in the nine stations along the eastern—channel of Mozambique ranged from 0.0001
to 0.9999, with a probability density (PDF) of fluctuations limited to 0.9991. Through sta-
tistical analysis, it was determined that AK' reaches its maximum value near zero. Days with
intermediate—sky conditions exhibited high PDF values of approximately 1.0 and greater
deviation, while clear and cloudy—sky days displayed consistent solar energy frequencies and
a lower tendency for K, deviation. In conclusion, the correlation between high—fluctuation
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Irradiance variability diminishes rapidly for shorter intervals. Furthermore, high—frequencies of fluctu-
ations are observed during the hot and rainy season, whereas low frequencies are observed
during the cold and dry season.

INTRODUCTION al., 2007). For instance, research conducted has modeled

The sun, which serves as the life—giving force for
humanity, possesses energy resources that can be
deemed limitless. With a diameter of approximately
1.39x10° m, it resides at an average distance of about
1.5x10" m from Earth (Duffie & Beckman, 1991). The
solar radiation that reaches the earth’s surface exhibits a
maximum flux density of roughly 1.0xXkWh/m? within
the wavelength range of 0.3 to 2.5um (Twidell & Weir,
2015). As this radiant beam emitted by the sun penetrates
the earth, it undergoes division into two components
due to interactions with the earth’s atmosphere. One
component is direct, while the other is diffuse and scatters
through the atmosphere (Duffie & Beckman, 1991).
Consequently, solar energy experiences intermittency
due to various physical phenomena that contribute to its
intensity reduction. Gases, solid particles, moving clouds,
and other factors cause fluctuations in photovoltaic (PV)
generation, leading to fluctuations in irradiance and solar
power ramps throughout the day (Haldsz & Malachi,
2014; Mbaye, 2022). These fluctuations can potentially
impact the stability of the grid (J. M. Gomes ez al., 2011;
G. Lohmann, 2018; Mucomole e al., 2023; Perpinan &
Lorenzo, 2011).

Recent studies have examined the uncertainties associated
with predicting solar electricity yield based on fluctuations
in solar radiation. These studies have found that there are
specific temporal and geographic patterns that can impact
the financing of large PV systems and the management of
distributed electricity generation (Suti ez al., 2007; Woyte ef

the temporal variability of solar energy availability and
observed that clear—sky index (K') values reach their
minimum in July and maximum in December (Mucomole
et al., 2023; M. ]. R. Perez & Fthenakis, 2015; G. M.
Lohmann ez 4/, 2016). Additionally, investigations into
solar irradiance fluctuations have revealed the presence
of strong short—term nonlinearity, with both linear and
nonlinear correlations contributing to the multifractal
and nonlinear behavior of solar irradiance (Madanchi ez
al., 2017; Mucomole e al., 2023). Storage requirements
for PV power ramp rate control have also been assessed,
highlighting the uncertainties associated with storage.
Furthermore, variations in solar radiation and regional
precipitation have been evaluated, demonstrating that
correlations align with periods of negative irradiance
differences during dry high—pressure developments
and positive differences during humid low—pressure
developments (Perr, 1994; D. Kumar, 2021; Hoff &
Perez, 2010). The performance of control strategies for
smoothing the active power of PV systems with energy
storage has been analyzed, revealing significant differences
in estimated degradation between these strategies (Diaz,
2019; Tiba et al., 2016; C. C. C. Gomes ¢ al., 2020). A solar
wind model was constructed using the power spectrum
of the fluctuations. The analysis, which included heat
addition or other types of momentum addition, aimed
to achieve better agreement with observations (Tu, 1987;
Lave ez al., 2012; Siebentritt, 2011; Rapti, 2000; Jamaly,
2020). Additionally, the prediction of solar radiation
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was made, and it was concluded that there are methods
available for predicting solar radiation and generation
for PV systems (Domingos e# al., 2020; Zhang & Yan,
2022; Mills, 2010; Majzoobi & Khodaei, 2016; Soubdhan
et al., 2009; Alva et al., 2017). Furthermore, an analysis
was conducted to assess the impact of solar irradiance
fluctuation on direct osmotic backwash, potentially
leading to increased reliability and robustness of battery—
free PV membrane systems (Cai & Schifer, 2020; Zhang
& Yan, 2022).

Theimpact of capacity and remuneration on the utilization
of solar energy and wind energy was analyzed. It was
determined that the installed capacity must not surpass
5% of the short—circuit level of the grid into which the
energy will be fed (Ocacia & Santos, 2008; Hollands ez
al., 1989; Park et al., 2001; Tiba et al., 2016). Furthermore,
the researchers successfully managed the operation of a
hybrid PV/diesel generation system, leading to reduced
fuel consumption and battery storage requirements,
thus confirming the validity of their research (Park ef
al., 2001; Lan et al., 2018; Jain e al., 2020; Sha & Aiello,
2018). Lastly, an estimation of the output of PV power
generation was made based on solar irradiation and
frequency classification. The study concluded that the
estimation error is approximately 3-4% of the installed
capacity of the PV system (Attaviriyanupap ez a/., 2011).
Various approaches were evaluated in order to minimize
the effects of rising PV power on voltage fluctuations.
It was concluded that cost optimization can be attained
by implementing different degrees of PV penetration
(D. S. Kumar et al., 2022). Dynamic harmonic regression
was utilized to forecast short—term solar irradiation in a
separate study. The findings indicated that this method
resulted in the lowest relative mean squared error,
particularly at approximately 30% and 47% for GHI
during a 24-hour prediction (Trapero e/ al., 2015). The
evaluation of high—frequency irradiance fluctuations and
geographic smoothing, revealed that smaller scattering
factors result in greater reductions in variability compared
to the model at longer time scale (Lave e al., 2012; Sha
& Aiello, 2020; Behr ez al., 2021; Syed & Khalid, 2021;
Elfeky et al., 2023). Furthermore, an analysis and statistical
the
clearness—index (K ) were performed by leading to the

examination of fluctuations in instantaneous
identification of statistically significant mean squared
values of fluctuations depending on their persistence
(Woyte e# al., 2007; Lave et al., 2012; Anvari et al., 2010;
Alam et al., 2014; Akuffo & Brew-Hammond, 1993).
Similarly conducted an analysis and statistical assessment
of fluctuations in the instantaneous K, concluding the
existence of statistically significant mean quadratic values
of the fluctuations depending on their persistence (Woyte
et al., 2007; Woyte e/ al., 2006; Ocacia & Santos, 2008; D. S.
Kumar et al., 2022). It was determined that high—frequency
irradiance fluctuations and geographic smoothing resulted
in greater reductions in variability compared to the model
at smaller scattering factors and longer time scales (Lave

et al., 2012). Lastly, conducted a comprehensive analysis
of the fluctuation characteristics of solar energy and the
integration of wind-PV systems with Hydrogen (Chen
et al., 2022). The study concluded that the unit cost of
hydrogen production and the CO, emission intensity of
wind-PV energy are significantly lower in the system
with complementary coupled solar hydrogen production
compared to the non-complementary system (Tiba ez al.,
2016; Exell, 1976).

These traces represent actual variations in solar potential
across different regions, resulting from a range of factors
such as atmospheric and instrumental interference, as
well as research errors. However, they can be interpreted
as fluctuations in the amount of solar energy reaching
the earth’s surface, which can impact the efficiency of PV
plants. The eastern—channel of Mozambique, located close
to the equator, benefits from a high climate potential and
abundant solar resources. Meeting the current demands
for housing a larger population, particularly in rural areas
where around 85% lack access to conventional electricity,
is a key objective of the Sustainable Development Goals
(SDGs) for achieving total electrification by 2030. It is
important to note that Mozambique is not the only region
facing this challenge, as there are other parts of the world
with a significant population lacking access to electricity.
The effectiveness of both small and large—scale PV
projects is being affected by the need to identify optimal
periods of the year with minimal fluctuations, given
the dynamic variations and increasing climate changes
that impact the output power of PV generators. High—
frequency fluctuations in solar energy are more prevalent
during humid and rainy periods, while intermediate
densities occur during seasonal transitions, and low
densities are observed during dry and cold seasons.

The objective of this study is to quantify high—frequency
fluctuations in solar energy variability along the eastern—
channel of Mozambique. By analyzing the Global
Horizontal Irradiation (GHI) resource data collected
between 2012 and 2014 in various provinces, including
Maputo, Gaza, Inhambane, Sofala, Manica, and Tete,
we aim to identify periods of low and high fluctuations
in solar energy. This information will be crucial for
sizing autonomous PV plants and grid—connected solar
projects, as well as ensuring the viability and longevity of
solar projects.

Additionally, we will determine the optimal inclination
and orientation of solar modules based on the collected
data. The model used in this study considers clear—sky
index values and the probability density of fluctuations
within the range of [0.0,0.9]. The fluctuations of the
increments fall within the range of [-1,1], with a density
of clear—sky index increments between [0.0,0.9], as
estimated theoretically (Mucomole ef al, 2023; Duffie
& Beckman, 1991). These findings can be extrapolated
to other regions of interest using analogy. Through this
research, we aim to provide updated tools for the optimal
design and implementation of solar energy projects.




Am. J. Energy Nat. Resour. 3(1) 21-40, 2024

e ol‘i

MATERIALS AND METHODS

Data Collection and Processing

The GHI data sample was obtained during the
Mozambique solar radiation measurement campaign in
the years 2012,2013 and 2014. The data was collected
along the eastern—channel of Mozambique, specifically in
the provinces of Maputo—city, Maputo—province, Gaza,
Inhambane, Sofala, Manica, and Tete. Various stations
were used to collect the data, including one in Maputo—
city, one in Maputo—province, two in Gaza (Gaza—1
and Gaza-2), one in Inhambane, one in Sofala, one in
Tete, and two in Manica (referred to as Manica—1 and
Manica—2). A total of nine high—resolution radiometers,
as shown in Figure 1, were utilized for this purpose.

Instrument and Sample Size

The GHI and Diffuse Horizontal Irradiation (DHI)
components were collected using pyranometer sensors.
These measurements were carried out in conjunction with
a Pyrheliometer—integrated system, which allowed for
the direct estimation of the component Direct Normal
Irradiation (DNI).

Figure 1: Pyranometer used to measure GHI during the

campaign

Data Selection

The data went through a comprehensive quality control
procedure, removing any false values. Afterwards,
dedicated software programs for radiation calculation
were employed to analyze the data every 1 and 10
minutes. The purpose of preparing the sample was to
perform calculations using data collected during the time
period from sunrise to sunset (6:00 AM to 6:00 PM). The
sample was obtained during the Mozambique campaign

Table 1: Location of study stations

in various locations, namely Maputo—1, Maputo—2,
Gaza—1, Gaza—2, Inhambane-1, Sofala—1, Manica—1,
Manica—2, and Tete—1. The sample comprises three years
of complete measurement data from 2012,2013 and
2014. The measurements commenced in the sixth month
of each year, resulting in data covering only the months
of June to December. However, in 2013 and 2014, the
data includes measurements for all months of the year.
In total, there are approximately 466.560,00 annually
radiation data points collected in the designated area.
Figure 2, illustrates the range of the analyzed sample,
specifically the Gaza—1 station, which demonstrates the
highest count of satisfactory days, indicating excellent
radiation levels, and accurate measurements obtained
at the station, minimal interference from atmospheric
factors, and other favorable conditions.

Data sampling range
Gaza-1(2019)

b Acceptable days

API']l sl Unapplicable days

Figure 2: Range of global solar radiation data sample during
the campaign (example from Gaza—1 station in 2014)

Certain months display fluctuations, which may include
intervals or portions with incomplete data values,
necessitating a pre—established categorization.

Study Area

Table 1, provides a comprehensive overview of the
stations that have been established in the study area,
which is the eastern region of Mozambique known as
the channel region. The table includes various details
such as the station number, station name, province, tower
property and code station. The study area is situated
between the 11°31°(-40)°E and 15°68’37”S parallels and
meridian. The stations considered in this study comprise
Maputo—-1, Gaza—1, Gaza—2, Inhambane—1, Sofala—1,
Manica—1, Manica—2, and Tete-1. Here Gaza—3 was
disqualified due to the incompatible pattern and missing
so much data.

Number Station Province Tower property Code
01 Maputo—1 — 01 Maputo—city UEM DF 01
02 Gaza—1 —-02 Gaza TDM TDM
03 Gaza—2 - 03 Gaza MCeL TDM
04 Inhambane—1 — 04 Inhambane MCeLL MCeL 11

https:
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05 Sofala—1 — 05 Sofala FUNAE ™11

06 Manica—1 — 06 Manica MCelL MCel. 14
07 Manica—-2 — 07 Manica MCeL MCel. 14
08 Tete—1 — 08 Tete FUNAE TM6

In this contexct, MZ—Mozambique, UEM—Ednardo Mondlane University, DF—Department of Physics, TDM="Telecommunications
of Mozambique, MC—Mozambique Cellphone, and TM—Mozambique Television.
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Figure 3: Study area: eastern—channel region of Mozambique

Figure 3, displays the topographic section of the east—
channel region, showcasing the measuring stations.

METHODOLOGY

The analysis focused on the variable chronological time
H, which ranges from 0 to 24 hours (standardized in
degtees). In the morning, the hour angle w_is less than 0,
at noon it is equal to 0, and in the afternoon, it is greater
than 0. This relationship is represented by equation 1
(eq.1) (Mucomole ez al., 2023).

o =(H-12)x15 (eq. 1)
The determination of the respective zenith angle 6, is
enabled by the inverse of eq. 2 (Duffie & Beckman, 1991).

0,=(Cos (¢) Cos (8) Cos (0,) +Sin (¢p) Sin (8)) (eq. 2)
In eq. 2, ¢ represents the declination. As depicted in
Figure 4, it is evident that the 6, reaches its minimum
value at noon, while it attains its maximum values during
sunrise and sunset.

The calculation of extraterrestrial radiation G, involves
determining the incident energy within a one—hour
timeframe, using the solar constant in horizontal surface
approximation provided in Duffie & Beckam (1991) as.
G,=G,_ =G_ (1+0.033Cos 360n/365 )Cos 6 (eq.3)
Figure 5 illustrates the fluctuation of extraterrestrial
radiation, showcasing its highest point during midday and
its lowest points at sunrise and sunset.
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Figure 4: Zenithal angle (Maputo—city station: Year 2012)
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Figure 5: Examination of extraterrestrial radiation patterns (Maputo—city station: Year 2012)

The K can be defined as the ratio between the global
horizontal irradiance (GHI) and the clear—sky radiation
(Hoff & Perez, 2010; Mucomole e al., 2023; R. Perez
et al., 2016; G. Lohmann, 2018), which represents the
irradiation from the earth’s atmosphere under clear—sky
conditions (G. M. Lohmann & Monahan, 2018; Woyte
et al., 2007). It is worth noting that this index typically
ranges from 0 to 1.0, providing a reliable estimate (R.
Perez, David ¢ al., 2016; Mucomole ez al., 2023).

K =GHI/G__, (eq- 4)
The total radiation on the horizontal surface, denoted
as G, or Total, represents the combined value of the
direct radiation on the horizontal surface received within
an and the diffuse radiation on the horizontal surface
(Luoma ef al., 2011).

In order to assess the temporal analysis of temporal
fluctuations (Lave ¢ al., 2012), a metric was employed to
gauge the disparity between the successive and preceding
clear—sky indices (Leung, 1980; Quoc Hung & Mishra,
2019). To ensure accurate findings, a precision interval
was implemented to distinguish the variation between

two consecutive measurements taken one minute apart as
depicted in Figure 6.

The days were classified and organized based on the
clear—sky index, as illustrated in Table 2 for the Gaza—2
station in 2012. The same procedure was followed for the
rest of the sample across all stations.

Considering that the time period for measuring solar
radiation on a flat surface is one day, as stated by Duffie
& Beckam (1991), we can express this as follows,
A=K, - K (eq. 5)
The nominal variability refers to the varability of the
dimensional clear—sky index, where the ramp rate AK', is
used as a scalable measure, as stated in Lohlman ¢# /. (2018).
Nominal Variability =V(var[AK  ]) (eq. 6)
The eq. 7, will be utilized to calculate the sample standard
deviation of N counts accumulation, considering a given
irradiance of C=1000W /m? under standard conditions.

(eq.7)

M
. 1
Sl =9 GO
=
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Figure 6: The contrast between experimental radiation and theoretical radiation is being examined

Table 2: Quantification of days types classification

Classification

Mouth Clear Cloudy Low Intermediate Upper Intermediate
April 2 6 2 0
May 0 5 3 2
June 2 3 3 2
July 5 1 1 3
August 3 0 3 4
Setembro 2 2 2 4
October 1 3 2 4
November 7 0 1 2
December 0 4 5 1
Total 22 24 22 22

The correlation coefficient of the clear—sky index y**,
has been found to have a relationship with the distance
for systematic connection across various types of days,
including clear, intermediate, and cloudy. This relationship
was determined using eq. 8 (R. Perez ez al., 2016).

K cov(K;i(t),ng)

. (¢q.8)

a K¢ () O'f(; ;

The statistical value of X falls within the range of -1 to 1,
inclusive, encompassing values that are greater than or equal
to -1 and less than or equal to 1 (Hoff & Perez, 2010).

Spatially, when considering a subspace station located
between two points x and vy, the randomized values that
are associated with x+y can be calculated using the eq. 9
(Zheng et al., 2023; Siebentritt, 2011; G. Lohmann, 2018)

Oty = Jo’f + o + 2p,,0,0, (eq. 9)

It is important to note that o, #0 is not equal to
zero and o, . #0 is also not equal to zero (Zhou e al.,
2019; G. Lohmann, 2018). The significance and changes
of the average area’s variability, based on the average area
A, o

random circle sampling in the southern and mid regions

were determined through the utilization of

of the east—channel of Mozambique. This assessment
was carried out using eq. 10 (R. Perez ez al., 2016; Hoff
& Perez, 2010).

Les
~Ki _ Ty (eq. 10)
STD = k7

JO

The normalized values of the average area quantities’

variability oY in relation to the standard deviation,

were employed to evaluate its significance and any
alterations.
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RESULTS AND DISCUSSIONS

Categorization of Different Types of Days

The final classification of sky types (clear, intermediate,
and cloudy) in the east—channel region of Mozambique
varies in different years due to various factors that disrupt
and diminish solar energy when it reaches the earth’s
surface. These variations in GHI are reflected in the
quantities observed in the south region (Figure 7) and the
mid region (Figure 8) in the east—channel.

The data presented in Figure 7 illustrates the classification
of acceptable days for the years 2012,2013,and 2014.
It reveals that the south region experienced the highest
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number of clear—sky days. Specifically, Maputo—1 had
approximately 15 clear—sky days, Gaza—1 had around 23,
and Gaza—2 had about 23 as well. Inhambane—1 recorded
approximately 34 clear—sky days, while Tete—1 in the mid
region had around 15.9 clear—sky days.

On the other hand, the south region also had a greater
number of cloudy—sky days. Maputo—1 experienced around
14 cloudy—sky days, Gaza—1 had approximately 22, and Gaza—
2had around 23. Inhambane—1 recorded about 26 cloudy—sky
days, while Tete—1 in the mid region had around 15 cloudy—
sky days. Sofala—1 had 11 cloudy—sky days, Manica—1 had
around 16, and Manica—2 had approximately 21.

Gaza-1 station (2012)
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Figure 7: Displays the number of acceptable, unacceptable, and non-applicable days in the south region stations
for various years. Specifically for: (a) Maputo—1 in 2012, Gaza—1 station (b) in 2012, (c) in 2013, (d) in 2014, Gaza—2
station (¢) in 2012, (f) in 2013, Inhambane—1 station (g) in 2012 (h) in 2013
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In terms of intermediate—sky days, the mid region had
the largest number. Tete—1 recorded around 30 days
with both lower and upper intermediate—sky conditions,
while Sofala—1 had 11 such days. Manica—1 had 28 days
with lower intermediate—sky conditions and 59 days with
upper intermediate—sky conditions. Manica—2 had 30
days with lower intermediate—sky conditions and 59 days
with upper intermediate—sky conditions. In contrast, the
south region had a smaller amount of intermediate—sky
days. Maputo—1 had 28 days with lower intermediate—sky
conditions, Gaza—1 had 45 days, and Gaza—2 had 44 days.
Inhambane—1 recorded 58 days with lower intermediate—
sky conditions.

In contrast, Figure 8 illustrates the distribution of
unacceptable days in the years 2012,2013,and 2014.
I reveals that the south region experienced a higher
number of clear—sky days, with Maputo—1 having
approximately 13 such days, Gaza—1 and Gaza—2 having
around 13,25,and 24 days respectively, and Inhambane—1
having approximately 17,17 days. On the other hand, the
mid region had a smaller number of clear—sky days, with
Tete—1 having around 15 and 9 days, Sofala—1 having
around 7, 26, and 26 days, and Manica—1 and Manica—2
having around 12,22,and 27 days, and 12,28,and 26 days
respectively.

Furthermore, the south region experienced a greater
number of cloudy—sky days, with Maputo—1 having
around 20 days, Gaza—1 having around 13,25,and 32 days,
and Gaza—2 having around 23 and 30 days. In contrast,
the mid region had a smaller number of cloudy—sky days,
with Tete—1 having around 15 and 14 days, Sofala—1
having around 8, 29, and 29 days, and Manica—1 and
Manica—2 having around 12,25, and 29 days, and 12, 22
and 24 days respectively.

Moreover, the mid region had a greater number of
intermediate—sky days (lower and upper), with Tete—1
having around 31 (17 and 14) days, 28 (15 and 13) days,
Sofala—1 having around 8,29 and 29 days, and Manica—1
and Manica—2 having around 23 (12 and 11) days, 49 (25
and 24) days, 38 (24 and 14) days, and 24 (13 and 11)
days, 47 (25 and 22) days, 55 (23 and 32) days respectively.
Conversely, the south region had a smaller number of
intermediate—sky days, with Maputo—1 having around 28
(4 and 14) days, Gaza—1 having around 26 (13 and 13)
days, 48 (24 and 24) days, 47 (23 and 24) days.

Variations in the Clear—Sky Index and its Increments
Figure 9(a) Ilustrates the Maputo—1 station, displaying
the occurrence of K’ fluctuations in March between the
range of [0.2252,1.0008], with the highest 6K’ observed
in November between the range of [0.0013,0.503]. On
the other hand, Figure 10(a) exhibits high—frequencies
of fluctuations in AK' during March, ranging from
[-0.0006,0.0907], with the highest trend 6K’ occurring in
July between the range of [-0.1751,1.0005]. The average
PDF is estimated to be 0.04585, within the range of
[0.0002,1.0007].

Figure 9(b) in the Gaza—1 station displays high—

frequencies of K’ fluctuations in June 2012 ranging from
[0.0834,1.0052], with a higher 6K’ in May ranging from
[0.0642,0.3523]. On the other hand, Figure 10(b) shows
high—frequencies of AK' fluctuations in December,
ranging from [-0.7165,0.0033], with a higher trend oK',
in May ranging from [0.0511,0.7422]. The average PDF
is estimated to be 0.1896, ranging from [0.0003,1.0001].
Movingon to 2013, Figure 9(c) illustrates high—frequencies
of K', fluctuations in June ranging from [0.1012,1.0022],
with a higher oK', in May ranging from [0.0553,0.8053].
Conversely, Figure 10(c) shows high—frequencies of AK',
fluctuations in January ranging from [-0.7341,0.0063],
with the highest trend oK' in May ranging from
[0.0376,0.8053]. The average PDF is estimated to be
0.1285, ranging from [0.0001,0.8431]. In 2014, Figure
9(d) exhibits high—frequencies of K’ fluctuations in
June ranging from [0.0937,1.0000], with the highest oK’
in December ranging from [0.0314,0.377]. Additionally,
Figure 10(d) shows high—frequencies of AK" fluctuations
in December ranging from [-0.6353,0.6343], with a
greater tendency oK' in July ranging from [0.0294,0.996].
The average PDF is estimated to be 0.1439, ranging from
[0.0021,1.0000].

Figure 9(e) in the Gaza—2 station displays the occurrence
of high—frequencies of K', fluctuations in April, ranging
between [-1.0076,1.0076], with the highest 6K, observed
in November, ranging between [0.0611,0.9804]. On the
other hand, Figure 10(e) exhibits high—frequencies of AK',
fluctuations in August, ranging between [-1.0009,0.2523],
with a greater tendency 6AK', observed in November,
ranging between [0.05044,0.8114].

The average PDF is estimated to be 0.1439, ranging
between [0.0001,1.0017]. Moving on to 2013, Figure 9(f)
illustrates high—frequencies of K, fluctuations in August,
ranging between [0.0744,1.0004], with the highest oK',
observed in March, ranging between [0.0317,0.3424].
Similarly, Figure 10(f) shows high—frequencies of AK',
fluctuations in May, ranging between [-0.964,0.3042],
with a greater tendency cAK' observed in June, ranging
between [0.0168,0.7512]. The average PDF is estimated
to be 0.1166, ranging between [0.0001,0.8898].

Figure 9(g) at the Inhambane—1 station illustrates the
occurrence of significant K’ fluctuations in January
2013, ranging from [0.0688,0.9973], with the highest
oK’ observed in March within the range [0.0661,0.4644].
In Figure 10(g), there were notable fluctuations in AK',
during the month of July, ranging from [-0.5167,0.1666],
with a higher trend cAK’ observed in September within
the range [0.0244,0.978]. The average PDF was estimated
to be 0.1439, ranging from [0.0001,0.606]. In 2014,
Figure 9(h) displays high—frequencies of K', fluctuations
in September, ranging from [0.0481,1.001], with the
highest oK', observed in December within the range
[0.0235,0.4211]. In Figure 10(h), there were significant
fluctuations in AK" during the month of August, ranging
from [-1.1001,0.0534], with a higher trend cAK’ observed
in July within the range [0.0204,0.6328]. The average PDF
was estimated to be 0.12142, ranging from [0.0001,1.0030].
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Figure 9: Annual fluctuations in clear—sky: Maputo—1 station: (a) in 2012, Gaza—1 station (b) in 2012, (c) in 2013, (d)
in 2014, Gaza-2 station (e) in 2012, (f) in 2013, Inhambane—1 station (g) in 2012, (h) in 2013

In Figure 11, at the Tete—1 station, it can be observed July, ranging between [0.0204,0.3853]. On the other
that the year 2012 exhibits significant fluctuations hand, Figure 12(a) illustrates high—frequencies of AK'
in K frequencies during October, ranging between fluctuations in July, ranging between [-0.4479,0.0001],
[0.2249,0.9892], with the highest oK' occurring in with a higher trend cAK' occurring in July, ranging
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between [0.0422,0.6091], and an average PDF of 0.0505,
estimated between [0.0003,0.5788]. Moving on to 2013,
Figure 11(b) displays high—frequencies of K’ fluctuations
in February, ranging between [0.0001,0.9059], with
the highest oK' occurring in July, ranging between
[0.001,0.3646]. However, in Figure 12(b), there were
high—frequencies of AK’ fluctuations in January, ranging
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between [-0.957,0.7084], with a greater tendency cAK,
occurring in April, ranging between [0.0001,0.648],
and an average PDF of 0.054641, estimated between
[0.0001,0.957].

At the Sofala—1 station, Figure 11(c) illustrates that
in September of the year 2012, there are significant
fluctuations in K’ with frequencies ranging from
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Figure 10: Fluctuations in clear—sky index increments: Maputo—1 station: (a) in 2012, Gaza—1 station: (b) in 2012, (c)
in 2013, (d) in 2014, Gaza—2 station: (¢) in 2012, (f) in 2013, Inhambane—1 station: (g) in 2013, (h) in 2014
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Figure 11: Annual fluctuations in clear—sky: Tete—1 station: (

2) in 2012, (b) in 2013, Sofala—1 station: (c) in 2012, (d) in 2013,

(€) in 2014, Manica—1 station: (f) in 2012, (g) in 2013, () in 2014, Manica~2 station: (i) in 2012, (j) in 2013, (k) in 2014

[0.0001,0.9688]. The highest oK', is observed in
December, with values between [0.0204,0.3853]. On the
other hand, Figure 12(c) shows high—frequencies of AK',
fluctuations in December, ranging from [0.0001,0.0001].
The highest trend cAK", is observed in December as well,
with values between [0.0422,0.6091]. The average PDF
is estimated to be 0.0505, ranging from [0.0003,0.5788].
Moving on to 2013, Figure 11(d) displays high—
frequencies of K’ fluctuations in February, ranging
from [0.0019,0.8864]. The higher oK' is observed in
October, ranging from [0.0465,0.99]. In contrast, Figure
12(d) shows high—frequencies of AK' fluctuations in
December, ranging from [-0.1131,0.0628]. The greater
tendency cAK", is observed in November, ranging from
[0.01007,0.792]. The average PDF is estimated to be
0.0457, ranging from [0.002,0.367].

Lastly, in 2014, Figure 11(e) presents high—frequencies
of K’ fluctuations in December, ranging from
[0.0613,0.1143]. The highest oK is observed in October,

ranging from [0.0679,0.1737]. On the other hand, Figure
12(e) shows high—frequencies of AK' fluctuations in
September, ranging from [-0.0152,0.0049]. The higher
trend oAK' is observed in October, ranging from
[0.021,0.1445]. The average PDF is estimated to be
0.041827, ranging from [0.0128,0.0830].

Figure 11(f) the Manica—1 station displays
significant K, fluctuations in June 2012, ranging from
[0.0492,0.8943], with the highest 6K' occurring between
[0.05596,0.4225]. On the other hand, Figure 12(f) shows
notable fluctuations in AK", during December, ranging
from [-0.6607,0.0006], with a higher trend cAK' in
June between [0.0405,0.776]. The average PDF is
0.05382, estimated between [0.005,0.845], for the year
2013. Moving on to Figure 11(g), it illustrates high—
frequencies of K fluctuations in July 2013, ranging
from [0.0734,0.9543], with higher 6K in November
between [0.0382,0.3592].
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Figure 12: Fluctuations of clear—sky index and its increments: Tete—1 station: (a) in 2012, (b) in 2013, Sofala—1 station:
(¢) in 2012, (d) in 2013, (e) in 2014, Manica—1 station: (f) in 2012, (g) in 2013, (h) in 2014, Manica—2 station: (i) in 2012,

() in 2013, (k) in 2014

Comparison of the Variation in Clear—Sky Index
During the Years 2012, 2013, and 2014

Throughout the years examined, Figure 13(a) depicted
that the Maputo—1 station exhibits the highest levels of
radiation during the hot and rainy season, while the lowest
levels of radiation occur during the cool and dry season.
However, in 2012, there is a noticeable rise in the average
K, reaching 0.6781. Figure 14(a) depicted that this
increase is accompanied by a deviation trend of 0.1867
and a negative increment of -0.088 in the K, indicating a
shift towards 0.3093. The PDF function estimates the K",
to be 0.0459 across all years.

Throughout the years season analyzed, Figure 13(b)
illustrates that Gaza—1 exhibits contrasting weather
patterns. The hot
experiences the highest levels of radiation, while the cool

and rainy season consistently

and dry season consistently witnesses the lowest levels of
radiation. However, an interesting trend emerges in the

years 2012, 2013, and 2014, as there is a notable increase
in the average radiation index during these years. The K',
which measures the amount of radiation received under
cloudless conditions, is recorded as 0.6979,0.6612,and
0.6667 respectively. There is a deviation trend towards
0.2014, indicating a slight increase in radiation levels.
Additionally, Figure 14(b) shows that AK' also shows an
upward trend, with values of 0.3152,0.30925,and 0.3145
respectively. This further supports the deviation trend
towards 0.3093. Interestingly, the PDF function estimates
the radiation index to be 1.0001 in all years.

Throughout the years scason analyzed, Figure 13(c)
shows that Gaza—2 exhibits contrasting weather patterns.
It experiences a hot and rainy season characterized by
high levels of radiation, while the cool and dry season
witnesses the lowest levels of radiation. Howevet, in
the years 2012 and 2013, there is a notable rise in the
average K, measuring at 0.7595 and 0.6574 respectively.
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Figure 14: Fluctuations of clear sky—index increments: (a) Maputo—1 station (2012), (b) Gaza—1 station (2012, 2013,
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In Figure 14(c) shows that this increase is accompanied
by a deviation trend towards 0.1959 and a rise in the AK",
of -0.1935 and -0.1367. Additionally, there is a deviation
trend towards 0.3854. The PDF function estimates
whether the 0.1957 is consistent across all years.

Throughout the years analyzed, Figure 13(d) depicted
that Inhambane-1 station consistently exhibits the

highest levels of radiation during the hot and rainy
season, while the lowest levels of radiation are observed
during the cool and dry season. However, in the yeats
2013 and 2014, there is a notable increase in the average
K. Specifically, the K' values for those years are 0.6962
and 0.7019, respectively. Additionally, there is a deviation
trend towards 0.2454, indicating a shift from the average.
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Moreover, Figure 14(d) shows that there is an increase in
the AK" of -0.1142 and -0.1979 for the respective years,
along with a deviation trend towards 0.2982. The PDF
function estimates whether the value of 0.1214 holds true
for all years.

Throughout the years analyzed, Figure 15(a) depicted
that Tete—1 station consistently exhibits the highest levels
of radiation during the hot and rainy season, while the
lowest levels of radiation are observed during the cool
and dry season. However, in the years 2012 and 2013,
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there is a notable increase in the average K’ measuring
0.7131 and 0.5877 respectively. Figure 16(a) shows that
this increase is accompanied by a deviation trend towards
0.2323 and an AK" of -0.0785 and -0.0851 respectively.
Additionally, there is a deviation trend towards 0.2839.
The PDF function estimates a value of 0.0504 for all
years.

Figure 15(b) depicted that Sofala—1 station, the hot and
rainy season exhibits higher radiation levels, while the
cool and dry season experiences lower radiation levels.
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Figure 15: Annual fluctuations of clear sky—index: (a) Tete—1 station (2012, 2013), (b) Sofala—1 station (2012, 2013,
2014), (c) Manica—1 station (2012, 2013, 2014), (d) Manica—2 station (2012, 2013, 2014)
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Figure 16: Annual fluctuations of clear—sky index increments: (a) Tete—1 station (2012, 2013), (b) Sofala—1 station
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However, in the years 2012,2013 and 2014, there is a
recorded increase in the average K. The values for these
years are 0.6839,0.0902 and 0.0882 respectively. There is
also a trend towards a deviation of 0.2205. Additionally,
Figure 16(b) depicted that there is an increase in the AK',
with values of -0.0761,-0.007 and -0.0069, and a deviation
trend towards 0.2089. The PDF function estimates a
value of 0.0547 for all years.

In other Figure 15(c) shows that Manica—1 station, the
hot and rainy season exhibits higher radiation levels,
while the cool and dry season experiences lower radiation
levels. However, in the years 2012, 2013, and 2014, there
is a noticeable rise in the averageK'. Specifically, the K",
values for these years are recorded as 0.6154,0.6015 and
0.6042 respectively. Moreover, there is a trend towards
deviation with a value of 0.2366.
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Additionally, Figure 16(c) shows that the AK" shows an
increase of -0.0898,-0.1113 and -0.0182 for the respective
years, with a deviation trend towards 0.3093. The PDF
function estimates the K', to be 0.1026 for all years.
Finally in Figure 15(d) its shows that in Manica—2
station, the hot and dry season exhibits higher radiation
levels, while the cool and rainy season experiences
lower radiation levels. However, in the years 2012,2013
and 2014, there is a noticeable rise in the average K'.
Specifically, the K' values for these years are recorded as
0.6026,0.5823 and 0.5902 respectively. Moreover, there is
a deviation trend towards 0.2322, indicating an increasing
pattern. Additionally, Figure 16(d) depicted that the AK",
for these years is -0.0755,-0.0609 and -0.0484 respectively,
with a deviation trend towards 0.3093. The PDF function
estimates the K', to be 0.03269 for all years.
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Figure 17: The increments of normalized standard deviations for the area of the normalized clear—sky index in the:

(a) Mid region and (b) Southern region

Evaluation of Standardized Fluctuation in the
Eastern—Channel

The normalized values of the variability of average
quantities in the area were assessed using the relative
standard deviation. This assessment was conducted
individually for each pyranometer positioned at the station,
considering the sky type and subsequently all sky types.
After calculating the correlation measure between

stations and evaluating the correlation coefficient, the
comprehensive analysis depicted in Figures 17(a) and
17(b) revealed that the reduction in variability is more
pronounced for shorter increment times when compared
to longer increments, as indicated by the mean area.

Furthermore, the rate of decrease is notas fast for cloudy—
sky conditions in comparison to other sky conditions. The
decrease in AK’ was noted for both t=1 min and t=10
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min. Nevertheless, apart from the 1 min intervals during
cloudy—sky conditions mentioned previously, the scales at
which the increments lose correlation are relatively small
when compared to the ratio of the circular arenas utilized
for computing averages area.

DISCUSSION

The annual K| averages in the eastern—channel of
Mozambique from 2012 to 2014 exhibit a varying trend
towards decrease. The recorded values for K’ averages
are as follows: 0.6979,0.6612 and 0.66677 at Gaza—1
station, 0.7597,and 0.6574 at Gaza—2 station, 0.6962,and
0.7019 at Inhambane—1 station, 0.7132 and 0.5877 at
Tete—1 station, 0.6839,0.0902,and 0.0882 at Sofala—1
station, 0.6839,0.0902 and 0.0882 at Manica—1 station,
0.6026,0.5823 and 0.5902 at Manica—2 station, and 0.6782
at Maputo—1 station, with a deviation trend towards
0.1867. The primary reason behind this occurrence is
pollution from extractive, commercial, and manufacturing
industries, along with uncontrolled fires that emit
harmful gases and particles into the atmosphere. These
elements disrupt the hydrological cycle and prevent the
transmission of solar radiation to the Earth’s surface.
Mucomole ¢ al. (2023) have also noted a similar pattern in
the southern region of Mozambique, where atmospheric
conditions prevent solar radiation.

Various studies, such as those by Lave ez 4/ (2012), Sha &
Aiello (2018), Behr ez al. (2021), Syed & Khalid (2021), and
Elfeky ez al. (2023), have discussed the fluctuations in K,
and the influence of geographic smoothing on reducing
variability. Furthermore, Quoc Hung & Mishra (2019)
have effectively minimized energy loss and enhanced the
profile by addressing PV voltage fluctuations. Perpifan
et al. (2013) have achieved comparable outcomes,
demonstrating that the relationship between intermediate
time scales and daily fluctuation levels impacts the
electrical energy fluctuations in PV inverters.

The annual mean values of AK' in the east—channel region
of Mozambique displayed temporal fluctuations during
the years 2012,2013 and 2014. At the Gaza—1 station,
the recorded wvalues were 0.3152,0.3093 and 0.3145
respectively. Similarly, at the Gaza—2 station, the values
were -0.1935,-0.1367 and -0.1142. The Inhambane—1
station registered values of -0.0785,-0.0851 and -0.1979.
The Tete—1 station had wvalues of -0.0761,-0.007 and
-0.0069. The Sofala—1 station obsetrved values of 0.0898,-
0.1113 and -0.0182. The Manica—1 station recorded
values of -0.0755,-0,0609 and -0.0484. The Manica—2
station had a value of -0.088. Lastly, the Maputo—1 station
recorded a value of -0.088. On average, the deviation
tendency was 0.3093, indicating the influence of various
factors that disrupt the atmosphere and its cycle, resulting
in rapid fluctuations in cloudiness and solar energy.
This finding is consistent with the research conducted
by Perpifian & Lorenzo (2011), which reported similar
outcomes regarding the impact of gases, solid particles,
and cloud movements on PV generation. Tiba ef a/. (2016)
also discovered that longer time intervals lead to greater

variation in ramp rates. Additionally, G. Lohmann (2018)
and G. M. Lohmann e a/. (2016) observed significant
changes in the distributions of increments from multiple
pyranometers as time intervals increased. Another study
by Kumar e al. (2022) optimized costs by evaluating ramp
rates to mitigate the impact of increasing PV power on
voltage fluctuations.

A faster decrease in variability is observed for shorter
increment times when examining the spatial averages of
deviation along the station circles, which are measured at
interprovincial distances. Previous studies by Lohmann ez
al. (2018), Marcos et al. (2011), Hoff & Perez (2010), and
Hoff & Perez (2011) have also reported similar findings,
suggesting that the impact of longer decorrelation
distances and higher spatial correlation coefficients is
considerably more significant in a centralized PV plant
compared to a distributed scenario.

CONCLUSIONS

The solar energy resource exhibits a remarkable level
of availability despite the ongoing climate changes.
This availability is characterized by fluctuations in solar
energy, which can be quantified using the high—frequency
clear—sky index. Throughout the study region, there is an
observed increase in solar energy. However, it is crucial
to comprehend the limited lifespan of PV projects, along
with the temporal variability and spatial averaging that
impact the functioning of PV systems and other related
projects. By analyzing the sample of GHI, measured
at nine stations located across the eastern—channel of
Mozambique, we have reached the following conclusions:

1. To ensure the successful implementation of the
model, it is important to consider the range of solar energy
fluctuations, which typically vary between 0 and 1.0;

2. Days with intermediate—sky conditions pose a
higher risk as they have a probability density value of
approximately 1.0 and exhibit greater deviations in the
clear—sky index. These conditions can potentially have a
significant impact on the performance of a PV plant;

3. Clear and cloudy—sky days, on the other hand, show
a lower tendency and deviation from the clear—sky index,
with solar energy frequencies remaining relatively constant.

4. The decrease in variability is more pronounced for
shorter time increments (1 min) compared to longer
increments (10 min). Additionally, the decrease is less
rapid for cloudy—sky conditions compared to other sky
types.

5. Both for time increments of 1 min and 10 min,
the decrease in AK' (decorrelation) is observed as
interprovincial distances of thousands of kilometers are
crossed.

6. Under cloudy—sky conditions, the decorrelation
scales for increments are relatively small compared to the
ratio of the circles used to calculate area averages. These
scales are estimated to be in the range of thousands of
kilometers for interprovincial distances.

7. When planning a PV plant, it is crucial to consider
fluctuations in order to prevent the output power of
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the plant from being compromised. It is observed that
longer decorrelation distances, resulting in higher spatial
correlation coefficients, have a stronger impact on
centralized PV plants compared to scenarios where the
PV units are more distributed within the same plant.

In the eastern—channel of Mozambique, there are
significant variations in solar energy levels during the
hot and rainy season, particularly in December. This
is characterized by high—frequency densities of solar
energy fluctuations. The observations from various
stations in the region are as follows: at the Maputo—1
station, the observed magnitude was 1.0 in 2012; at the
Gaza—1 station, the observed magnitudes were 1.0001
in 2012 and 2014, and 0.8431 in 2013; at the Gaza-2
station, the observed magnitudes were 1.0017 in 2012
and 0.8898 in 2013; at the Inhambane—1 station, the
observed magnitudes were 0.6060 in 2012 and 1.0036 in
2013; at the Sofala—1 station, the observed magnitudes
were 0.9570 in 2012, 0.3670 in 2013, and 0.0836 in 2014;
in Manica—1 station, the observed magnitudes were
0.8450 in 2012, 1.0002 in 2013, and 0.8314 in 2014; at
the Manica—1 station, the observed magnitudes were
0.2367 in 2012, 0.4020 in 2013, and 0.1879 in 2014; at
the Tete—1 station, the observed magnitudes were 0.5788
in 2012 and 0.3486 in 2014. On the other hand, during
the cold and dry season, the densities of low—frequency
solar energy are lower, particularly in June. This season is
characterized by a greater occurrence of cloudy—sky days.
The observed magnitudes from different stations during
this season are as follows: at the Maputo—1 station, the
observed magnitude was 0.0002 in 2012.

At the Gaza—1 station, the observed magnitudes were
0.0003 in 2012, 0.0001 in 2013, and 0.0028 in 2014; at
the Gaza—2 station, the observed magnitudes were 0.0001
in 2012,2013,and 2014; at the Inhambane—1 station,
the observed magnitudes were 0.0001; similarly, at the
Sofala—1 station, the measurements were 0.0001 in 2013
and 2014; at the Manica—1 station, the measurements
were 0.0001 in 2012, 0.0002 in 2013, and 0.0012 in 2014;
the Manica—2 station recorded measurements of 0.0050
in 2012, 0.0031 in 2013, and 0.0058 in 2014; at the Tete—1
station, the measurements were 0.0026 in 2012, 0.0241 in
2013, and 0.0074 in 2014; finally, at the Tete—1 station, the
measurements were 0.0003 in both 2012 and 2013.

Future Tasks

In addition to employing the aforementioned normal
distribution method to evaluate the variability of the
clear—sky index using a probability density function
derived from data gathered from nine GHI stations, it
is crucial to investigate the utilization of the standard
normal distribution in relation to cloud data. This includes
examining factors such as speed and/ot position, which
are measured on a smaller scale. This approach would
contribute to a better understanding of sudden changes
in solar energy at the earth’s surface, ultimately enhancing
the effectiveness of PV projects and other solar energy
applications.
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