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Optimal Inclination and Azimuth Angles of a
Photovoltaic Module With Load Patterns for
Improved Power System Stability
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and Hyung-Keun Ahn

Abstract—Globally, large-scale photovoltaic (PV) systems are
being installed to achieve maximum power generation efficiency.
However, this often results in severe power fluctuations, impacting
the stability of the power system. To enhance the power system
stability, it is crucial to effectively distribute the times of maximum
power output. This can be achieved by making changes to the
inclination angle and azimuth of PV modules at power plants. The
modeling results indicate a prediction error of 3.65% relative to
the actual measurements. To assess system stability based on each
installation method, new concepts called demand gradient (DG)
and demand gradient average (DGA) were introduced and ana-
lyzed using the load pattern in Metropolitan Seoul. The electricity
usage was categorized into four divisions: residential (dwelling),
public, service, and manufacturing. The analysis revealed that
optimal inclination angles for the dwelling, public, service, and
manufacturing sectors were 60°, 30°, 30°, and 15°, respectively. As
for installation azimuths, the optimal values were 0°, 80°, 160°, and
230°, respectively. When both the inclination angle and azimuth
were varied simultaneously, their optimal installation methods
included inclination angles of 60°, 60°, 35°, and 50°, and azimuths
of 330°, 210°, 230°, and 190° for the dwelling, public, service, and
manufacturing sectors, respectively. Among the various scenarios,
the most significant improvement in grid stability was observed in
the existing south-facing installation of DGA in the dwelling sector,
demonstrating a remarkable 77 % reduction from 0.1 to 0.057.

Index Terms—Bifacial module, demand gradient (DG),
inclination and azimuth angles, peak cut, power system stability,
RE100.
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1. INTRODUCTION

E100 is an international commitment where businesses
pledge to meet all their energy requirements through elec-
tricity generated solely from renewable resources, such as solar
power. Initiated in 2014 in response to the climate crisis, this
movement has garnered participation from 320 companies as
of 2021, and the number continues to rise [1]. The total power
consumption of Korean companies in 2021 reached 53.9 TWh,
necessitating a considerable area to generate the corresponding
power for RE100 [2], [3]. To tackle this challenge, research
has been conducted on bifacial and shingled modules, aiming
to enhance the efficiency of photovoltaic (PV) modules and
explore high-efficiency power plant installation methods [4],
[5]. High-efficiency power plants are commonly installed facing
true south, a widespread method globally. However, the growing
adoption of true southern installations has led to a misalignment
between peak electricity production and peak electricity usage
[6], resulting in potential disruptions to transmission lines and
stable electricity supply issues [7]. In some cases, saturation
of the transmission lines may even necessitate the shutdown
of power plants. This issue can be improved by considering
the method of installing PV modules by adjusting the east-west
orientation, azimuth, and inclination angle [8]. There are a few
studies that indicate that while the maximum output is 15%
lower when installed in an east-west orientation compared to the
traditional south-facing method, adjusting the peak electricity
generation times of the PV power plant [9] can reduce the
fluctuation rate of electricity in the transmission lines [10].
Therefore, it is thought that applying these characteristics to the
electricity usage patterns according to the industrial structure of
each city can help in the stable operation of transmission lines.
Recent research has included studies on the predicting power
generation amount of east-west oriented and south-facing PV
modules using bifacial modules [11], and research on the optimal
inclination angles and directions considering the latitude and
longitude of the installation site [12]. In this study, not only
for PV power plants installed in an east-west orientation but
also considering the electricity usage patterns of consumers, the
optimal PV module inclination angle and orientation that can
improve electrical stability are presented.
This article will be described in the following order. Section I1
presents an explanation of the variables required to calculate
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changes in solar irradiance based on the azimuth and incli-
nation angles of PV modules. The front and rear irradiance
values of bifacial PV modules were calculated, with the rear
irradiance estimated using the calculated front solar irradiance
and view factors. Subsequently, a prediction model for the
front and back outputs of bifacial PV modules was developed
using the estimated solar irradiance. Section III describes the
experiments conducted to verify the accuracy of the prediction
model, wherein the output was measured while varying the
inclination and azimuth angles of the PV modules. In addition,
the error between the measured output and the model-predicted
output was analyzed. In Section IV, load patterns are analyzed
and categorized based on their purposes. With this analysis, we
propose the most suitable inclination and azimuth angles for PV
modules to ensure power system stability. Section V presents
the results and Section VI presents the conclusion and the utility
of this study.

II. MODELING

This study proposes an analysis method for predicting the
output of PV power plants based on the movement of the Sun.
While several prediction methods exist, such as utilizing the
temperature of PV modules for prediction [13], employing big
data for statistical methods [14], and considering the angle
between the movement of the Sun and solar modules, this study
focuses on using the Sun’s movement as the fundamental basis
for the prediction approach.

A. Prediction of Front Irradiance According to the Movement
of the Sun

The position of the Sun, as observed from Earth, is determined
by various factors, including the Earth’s rotation, its revolution
around the Sun, and the observer’s specific location, which is
specified by latitude and longitude. The amount of solar radiation
received by a particular surface area, known as solar irradiance,
varies based on the angle between the position of the Sun and
the PV modules. To predict the solar irradiance of a PV power
plant considering changes in the east-west direction and the
installation azimuth angle, the angle formed between the power
plant and the Sun must be calculated. This calculation requires
specific variables, namely the declination, altitude, and azimuth
angles of the Sun.

1) Declination Angle (0): The Sun’s declination angle varies
seasonally due to the Earth’s axial inclination and its revolution
around the Sun. This angle is represented in (1), which is a
function of d and accounts for seasonal changes [15]

. 360
0 = —23.45° X cos (365 x (d+ 10)) . (1)

Here, d represents the days of the year, indicating the ordinal
day on which the prediction is desired. It increases by one each
successive day, starting from d = 1 for January 1 to d = 365 for
December 31.

2) Elevation Angle: The solar altitude angle (6) represents
the angle between the Sun and the ground, and its value
continuously varies based on the stationary PV modules’
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angle [16]
6 = sin! (sin () x sin (&) + cos () x cos (§)
x cos (HRA)). 2)

The altitude angle (0) can be expressed using the variables
() (observer’s latitude), § (declination angle), and hour angle
(HRA). These values can be negative or positive, where a nega-
tive solar altitude implies the Sun is below the horizon and has
not yet risen, while a positive solar altitude indicates that the
Sun has risen. These can be calculated using (3)—(5) [17]

HRA =15°( | LT + E —12 3)
60
TC = 4 (Longitude — 15° x Atyrc) + 9.87sin (2B)
—7.53 cos (B) — 1.5sin (B) (4)
360

The HRA is represented in terms of local time (LT) and time
correction (TC) in (3). LT indicates the time at a specific location
and is expressed in a 24-h format. The TC in (4) compensates for
variations in local solar time within the same time zone due to
changes in longitude. Furthermore, TC can be calculated using
the longitude, the difference in UTC time (Atyrc), and the time
at the prediction location. The TC value uses the days of the year
(B).

3) Azimuth Angle (3): Although PV power plants typically
face south, they can be installed in various directions based
on specific objectives. The azimuth angle of the Sun must be
considered when predicting the solar irradiance of solar power
plants [18]

5= cos! sind cos() — cosdsinficos (HRA)
= cos

cosf ©

The azimuth angle () can be calculated using (6), which
involves variables such as the declination angle of the Sun,
observer’s latitude, HRA, and solar zenith angle. With north
as the baseline at 0°, PV modules installed facing east, south,
and west correspond to azimuth angles of 90°, 180°, and 270°,
respectively. The amount of sunlight striking the PV modules
changes according to the incidence angle, which, in turn, is
affected by the azimuth and inclination angles of the PV module.
The change in sunlight due to the incident angle implies a shift
in the peak output time of the PV power plant.

It is essential to analyze solar irradiance based on changes
in the inclination and azimuth angles to simulate comparisons
of the maximum output. The variables «, /3, and 6 denote the
inclination angle of the PV modules, the azimuth angle, and the
solar altitude, respectively. The azimuth angle increases by 90°
in the order of north-east-south-west, starting from 0°

Shodule = Sincident [cOsOsina cos (AS) + sinfcosa] .  (7)

A predictive equation that changes according to the module
inclination, azimuth, and declination angle is given in (7) [19].
Smodule 18 the incident solar irradiance (Sjncigent) calculated as the
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Fig. 1. Normalized solar radiation based on time and azimuth angle.
21 0.8
18 - - 06
| —
S 04 =
15 5
T
E 02 é
5 12 E
[=}
2 ° 3
@
9 ol | | 02 £
=]
z
6 in 04
3 06
0.8
0
0 50 100 150 200 250 300 350
Azimuth Angle [Degree]
Fig. 2. Normalized solar radiation heat map.

amount of sunlight incident vertically on the PV module. Mean-
while, Aj represents the difference in azimuth angle between
the position of the Sun and the installed PV module.

Figs. 1 and 2 represent the normalized solar radiation based on
measurement time and azimuth angle. The increasing intensity
of the orange color indicates higher solar radiation during spe-
cific times of the day. It is evident that solar radiation increases
as the azimuth angle increases. This suggests that solar radiation
and electricity generation can be adjusted based on azimuth
angle to align with electricity consumption patterns.

B. Prediction of the Output of Bifacial PV Module

Bifacial PV modules generate power on both their front and
rear surfaces, resulting in higher output compared to conven-
tional single-sided PV modules, thanks to the additional power
generated from the rear side. To predict the output of bifacial
PV modules, we consider the predicted incident solar irradiance,
predicted rear solar irradiance using the view factor theory, mea-
sured standard test condition (STC) output of the PV module,
and module temperature.

Fig. 3. Configuration of view factor.
S
Fig. 4. Two rectangles with one common edge including the angle .

A crucial aspect in predicting the output of bifacial PV mod-
ules is accurately estimating rear-side solar irradiance. This is
achieved by utilizing the ground view factor and albedo (Alb) of
the rear environment to comprehensively and precisely predict
rear-side solar irradiance

1 cost;cost;

The view factor, which calculates the degree of radiation
reaching one surface to another, is given in (8) [19].

The necessary variables for the view factor are shown in Fig. 3.
The method proposed by Cha et al. [20], Feingold et al. [21],
Hamilton and Morgan [22] applies this concept to PV power
plants. The accuracy of the rear solar irradiance calculated using
this theory was validated by measuring the rear solar irradiance
of a system installed facing southward.

In Fig. 4, a constant angle (¢) is formed between the PV
module and the ground. The lengths a and ¢ represent the solar
module’s vertical and horizontal dimensions, respectively, while
b denotes the distance influencing the reflection on the rear side
where the module is installed. This distance is assumed to be
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TABLE I
VIEW FACTOR ACCORDING TO THE INCLINATION ANGLE OF THE PV MODULE

Inclination Angle of

PV Module [°] View Factor [-]

15 0.121
30 0.153
45 0.135
60 0.107

equal to the length of two PV modules.
A=a/c
B=b/c
C = A? + B> —2ABcosyp
D = (1 + A2sin%p)’. 9)

Terms A, B, C, and D in (9) are defined to simplify the view
factor equation.

FA]*)A,L
_ sin2p . s 2 2
=~ 3 {ABsmgo—i— (2 go) (A’ + B?)
4+ Blran~! [ A2B0S0Y | 2y (B Acose
Bsinp Asing
sinfp 2 (14 4%) (1+ B?)
4B | sin?yp 1+C
B*(1+0)
2
+ B°In [(lJrBz)C']
A2(1 + A2)2% 1 1
2 -1
+ A 111 W } + ;tan <§>

singsin2¢p _, [ Acosp
+—27TB AD[tan ( D

B
+ 222 / V1 + (2sin2p |tan™! __Geosp
D Jo 1+ (3sin2p

A — (cosyp (10)

n! | ———= :
T (wl—%—{zsinzgo)] d

Using (10), the view factor between the ground and the PV
module can be calculated. The resulting values, depending on
the inclination angle of the PV module, are listed in Table I.

The calculated view factor varied with the inclination angle of
the PV module, with the largest value at 30°. As the inclination
angle increased further, the view factor decreased, indicating a
decrease in incident solar irradiance on the rear side.
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Rear side
irradiation sensor

Front side
irradiation sensor

Fig. 5. Pyranometers installed on the front and rear sides of the module.

TABLE II
ANALYSIS OF ACCURACY BETWEEN MEASURED AND PREDICTED
SOLAR IRRADIANCE

Measured Calculated

Rear side  Rear side Rear side Rear side
Solar Solar MAPE RMSE
Irradiance  Irradiance [%] [W/m?]
[W/m?]  [W/m?]
138 122.67
148 138.14
158 154.83 5.05 9.26
172 172.75

The rear solar irradiance, denoted by Siear direct> represents the
amount of solar irradiance directly reflected from the ground to
the rear side of the module, and is estimated in the following
equation:

Srearfdirect = Sfront - VF - Alb. (1 1)

In (11), VF stands for view factor and Alb represents the
albedo of the ground surface [19]. The measured albedo at the
location where the experiment took place yielded a value of 0.08.

To validate the accuracy of the view factor theory, Fig. 5
displays a photograph of a bifacial PV power plant installed
at 30°. The actual rear solar irradiance, measured at the site, was
compared with the calculated solar irradiance for verification.
Mean absolute percentage error (MAPE) and root mean square
error (RMSE) were used for accuracy verification.

Table II presents the accuracy of the prediction model for rear-
side solar irradiance using the data measured at the empirical site
in Fig. 5. The results showed a MAPE of 5.05% and a RMSE
of 9.26. The output of a bifacial PV module is the sum of the
outputs from the front and rear sides, as shown in the following
equation:

R bifacial = P front + -Prear- (12)
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TABLE III
380[W] BIFACIAL PV MODULE

Data Front Rear
Power [W] 380 275
I [A] 10.05 7.38
Ve [V] 48.29  47.78
Efficiency [%] 17.05 12.37
Temperature Coefficient [%/K] 0.37 —

The solar irradiance on the rear side, which considers both
direct solar irradiance due to the view factor and the part de-
termined by the Alb of the rear side where the PV module is
installed, is represented in the following equation [19]:

Sreardirect

1000

S front
1000

(1 + 6P,y (Tnoa — 25))

Biitacial = ( - Prront,sTC + 'Prear,STC) .

13)

The bifacial PV module output calculation formula is pre-
sented in (13): Pjifacial represents the output power of the bifacial
PV module, whereas Piont,sTc and Prear,stc refer to the measured
values of the front and rear sides, respectively, under STC
(AM 1.5G, 1000 [W/m?], 25 °C). Stront represents the measured
solar irradiance on the front side. d p,  refers to the temperature
coefficient that affects the change in output due to temperature,
where T},0q 1s the measured temperature of the PV module.

III. EXPERIMENT

An accuracy analysis was conducted by comparing the mea-
sured values from the outdoor experiments with those of the
prediction model to apply an output prediction formula to PV
power plants with various inclinations and azimuth angles.

A. Experimental Method

1) Measured and Predicted Output According to the Incli-
nation Angle: First, experiments were conducted to validate the
prediction equation based on the module inclination angle. The
output was measured while varying the module inclination angle
at fixed azimuths of 15°,30°, 45°, and 60°. The experiment took
place on the rooftop of Konkuk University (37.54°N,127°W),
South Korea. To facilitate comparison between different sys-
tems, the measured data were normalized by dividing them by
the system’s capacity. The specifications of the PV modules used
in the experiments are provided in Table III.

Experiments were conducted at inclination angles of 15°,30°,
45°, and 60° with two bifacial PV modules facing azimuths of
90° and 270°. Figs. 6 and 7 show the experiments conducted at
inclination angles of 15° and 60°.

Two bifacial PV modules with different azimuth angles were
connected to separate inverters. This decision was made due to
the variations in peak output times resulting from the different
azimuth angles. Connecting the two systems directly could lead
to output reduction due to output imbalance. To accurately

TABLE IV
PREDICTION ERROR RATES BY INCLINATION ANGLES

Inclination

Angle Capacity MAPE RMSE RER
] [W] (%] (W] (7]
15 325 9.54 10.61 3.26
30 325 9.08 10.31 3.17
45 325 7.92 11.33 3.49
60 325 11.55 14.90 4.58

Fig. 6. Experiment with azimuth angles of 90° and 270°, with the inclination
angle of 15°.

Fig. 7.  Experiment with azimuth angles of 90° and 270°, with the inclination
angle of 60°.

capture this scenario, two measuring devices were utilized to
collect the output data for each module. The prediction is made
by calculating Shorizontal Using the measured irradiance and sub-
stituting it into the output prediction equation.

Verification of accuracy is crucial for the usability of the
prediction. To assess accuracy, three error calculation methods
were employed: MAPE, RMSE, and relative error rate (RER)
methods. For the system with PV modules installed at 15°, the
MAPE was found to be 9.54% and the RMSE was 10.61%.
This error is believed to be due to relatively high errors during
low-irradiance hours, such as after 16:00. To express this error
based on the capacity of the PV module, the RER was defined
using RMSE. RMSE represents the deviation between the actual
and predicted values, which is an absolute numerical error. By
dividing this value by the capacity of the module, it allows for
interpretation as an error relative to the module capacity. The
RER values for the modules installed at 15°, 30°, 45°, and 60°
were 3.26%, 3.17%, 3.49%, and 4.45%, respectively. These
RER values indicate the relative accuracy of the predictions
considering the module capacity.
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Fig. 8.  Experiment with the inclination angle of 30°, with azimuth angles of
240° and 60°.
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Fig.9. Measured and predicted outputs with azimuth angles of 30° and 90°.

2) Prediction of Power Output With Installation Azimuth:
For the experiments involving azimuthal changes, marks were
placed on the ground at 30° intervals at the same experimental
location. The PV modules installed facing east were rotated
from an azimuth of 90° in increments of 30° toward the north.
In contrast, the PV modules installed facing west were rotated
from an azimuth of 270° in increments of 30° toward the south.
This setup allowed for a systematic evaluation of the impact
of azimuthal changes on the output of the PV modules. Fig. 8
shows the experiments conducted at an inclination angle of 30°
with azimuthal angle of 240° and 60°.

Fig. 9 shows the results of measuring the output after fixing
the inclination angle of the PV module at 30° and rotating the
installation azimuth at intervals of 30°, along with the results cal-
culated using the theoretical equations. In the figures, the x-axis
represents the measurement time, and the y-axis represents the
output according to the azimuth angle based on north (0°). The
numbers next to the azimuth in the figure indicate the azimuth
angles.

Table V presents the prediction errors based on the instal-
lation azimuth. The error between the results of the experi-
ments conducted while changing the installation azimuth and
the prediction value was found to be the lowest when the module
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TABLE V
PREDICTION ERROR RATES WITH INSTALLATION AZIMUTHS

Aﬂn‘ll;h Capacity MAPE ~ RMSE  RER
[oﬁ [W] [%] [W] [%]
30 325 5.71 11.18 3.44
60 325 17.79 25.59 5.47
90 325 8.55 10.74 3.30
210 325 23.62 19.12 5.88
240 325 17.73 24.54 7.55
270 325 14.94 21.96 6.76

Fig. 10.
and 302°.

Large-scale PV power plant installed at azimuth the angles of 122°

was installed facing true east. Conversely, the error was highest
at 240°. This difference in error can be attributed to higher
inaccuracies during the morning hours when the Sun is in the
east. In addition, the output of the west-facing PV modules was
relatively small due to factors such as the view factor on the
rear and the direct irradiance entering from the rear. Overall,
the output prediction based on azimuth had a prediction error of
approximately 5%.

3) Verification at Large-Scale Solar Power Plant: The output
was predicted based on the installation azimuth and inclination
angle of a small-scale power plant, and the results were analyzed
and presented. Using these results, the irradiance and output
predictions of a large-scale PV power plant were performed to
improve the stability of the actual grid.

Fig. 10 shows an overview of a large-scale PV power plant
in Nonsan, South Korea (36.15°N,127°W) used in the analysis.
The power plant was installed facing 122° eastward and 302°
westward from 0° north. Data were collected from inverters in-
stalled in both eastward and westward directions. In addition, to
compare the predicted solar irradiance and output, data measured
with a pyranometer were used, and the output to the inverter was
used for analysis.

Fig. 11 shows a comparison between the predicted and actual
values of solar irradiance by taking the hourly average using
data from May 10 to June 9, when the small-scale solar power
plant experiment was conducted. The predicted and actual values
exhibited the same pattern across all intervals. An error analysis
was conducted to accurately compare these results.

Table VI presents the results of the irradiance prediction error
analysis for the large-scale PV power plant. On May 10, the
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Fig. 11. Comparison with predicted solar irradiance and measured data on

May 10 and June 9, 2023.

TABLE VI
ANALYSIS OF IRRADIANCE PREDICTION ERRORS AT LARGE-SCALE
PV POWER PLANT

Date MAPE RMSE RER

[7%] (W] [70]

May 10 3.56 37.93 3.79

June 9 4.85 39.37 3.93
TABLE VII

ANALYSIS OF OUTPUT PREDICTION ERRORS AT LARGE-SCALE
SOLAR POWER PLANT

Date MAPE RMSE RER

[70] [W/m?] [70]
May 10 8.19 44.49 4.45
June 9 9.59 79.57 7.96

MAPE, RMSE, and RER values were 8.19%, 44.49 W/m?, and
4.45%, respectively. The error was within 5% of the measured
data, which was not significantly different from the error pre-
dicted for a small-scale PV power plant. Conversely, the data
for June 9 showed MAPE, RMSE, and RER values of 9.59%,
79.57 W/m?, and 7.96%, respectively. The error was relatively
high (7.96%) compared to the measured data. This was because
the accuracy was relatively low owing to large variations in
irradiance caused by clouds on the day of measurement when
the output decreased due to cloud cover. This is because the pre-
dictions use the theoretically calculated irradiance. Therefore,
RER was conducted to objectively compare the results.

The results of the output prediction error analysis for the large-
scale PV power plant are as follows: On May 10, the MAPE,
RMSE, and RER values were 3.56%, 37.93 W, and 3.79%,
respectively. On June 9, the MAPE, RMSE, and RER were

Load Pattern Analysis

|

Prediction of PV
modules output

Calculated Demand
Gradient and Average

l

Optimized PV module
installation and
Azimuth angle

GDAp4, > GDA,

Fig. 12.  Optimization flow chart of the installation of PV modules according
to load pattern.

4.85%, 39.37 W, and 3.93%, respectively. Therefore, because
the output prediction error rate is less than 5%, this method can
be used in both small- and large-scale solar power plants. In the
next section, this is used to conduct research on system stability.

IV. APPLICATIONS

Electricity usage in Metropolitan Seoul falls into categories
like residential, public, service, or manufacturing, each with
unique consumption patterns. Consequently, there are periods
of electricity usage spikes, negatively impacting the electrical
supply stability. To address this, installing solar power plants
can help mitigate these peaks by providing additional electricity
supply during high-demand periods.

Fig. 12 shows a flowchart for optimizing the power system
stability by PV module inclination and azimuth angle. Using
this method, a PV module installation method suitable for each
household and industrial power usage pattern was presented.

A. Demand Gradient (DG) and Average According to
Electrical Usage Patterns

PV power systems represent eco-friendly energy sources that
contribute to achieving RE100 goals. They harness the Sun’s
infinite energy to generate electricity without concerns of de-
pletion. However, a drawback is their dependency on daylight
for power generation. To maximize electricity production during
daylight hours, installation methods that yield peak power output
have been adopted. Yet, this approach causes challenges in the
power grid, leading to the “duck curve” phenomenon.

The duck curve refers to a situation in power systems where
electricity usage decreases due to high solar power production
during peak generation times. However, during periods of low
solar power production, solar energy cannot fully compensate
for power usage, leading to high grid power consumption. This
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Fig. 13. Load patterns for representative industries in metropolitan Seoul.

rapid fluctuation in the power grid can destabilize the system. To
address this issue, different PV power plant installation methods
have been investigated to analyze the power change rate in the
power grid. The goal is to find installation strategies that can
better match power generation with electricity usage patterns
and mitigate the impact of the duck curve phenomenon.

Fig. 13 shows the normalized load patterns for the represen-
tative industries in Metropolitan Seoul. Based on these patterns,
intervals of increased electricity consumption can be identified.
Residential, public, service, and manufacturing consumption
vary according to commuting hours and activity times. To ana-
lyze these load patterns, we utilize the DG, which is defined as
the rate of change in power usage over time.

_E_Pn_Pnfl
At t, '

DG is a method used to represent changes in the amount of
power that is either burdened or alleviated in a power system.

This can be expressed in (14), which is calculated as the ratio
of the change in power usage to the change in time. The change
in the DG for each power usage method is shown in Fig. 14,
with the times of abrupt changes in power usage marked with
red and black boxes.

DG, (14)

- tnfl

P,, = Electricity demand — PV generation. (15)

Equation (15) represents a formulation of Power (P) defined
in (14). This signifies the reduction in power consumption due
to solar generation from the total electricity usage. DG can be
defined as the decreased electricity usage resulting from time-
varying PV generation

24

1
DGA = — DG,. 16
2 2 D6 a6
The installation method of the PV modules for minimizing
the load change rate in the power grid was analyzed using (16).
The values calculated through the DG were averaged over 24 h,
and this average was compared to derive the demand gradient
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average (DGA). DGA is a metric that indicates the quality of
variation. A DGA close to O signifies small variations that are
considered favorable, whereas a DGA close to 1 indicates large
variations that are considered unfavorable.

B. Variation of DGA With Inclination Angles

The azimuth angle was fixed, and only the inclination angle
was altered to compare the changes in the DGA based on the
inclination angle.

Fig. 15 shows the changes in the DGA based on the inclina-
tion angle for each electrical usage pattern. For residential use
(dwellings), as the inclination angle increased, the variation de-
creased, with the lowest variation at 60°. The public, service, and
manufacturing sectors showed different variations and exhibited
the most favorable values at inclination angles of 30°, 30°, and
15°, respectively.

C. Variation of DGA With Installation Azimuths

In Fig. 16, an analysis of the changes in the DGA based on
the module installation azimuth is presented. For the dwelling,
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OPTIMAL INCLINATION ANGLE AND AZIMUTH ACCORDING TO LOAD PATTERN

TABLE VIII

Optimal Optimal
Categqry of inclination  installation
electricity anel . DGA
gle azimuth
usage ] €]
Dwelling 60 330 0.05700
Public 60 210 0.05051
Service 35 230 0.05136
Manufacturing 50 190 0.05528

public, service, and manufacturing sectors, the optimal installa-
tion azimuth angles were found to be 0°, 80°, 160°, and 230°,
respectively. The power data used for this analysis were obtained
from Metropolitan Seoul, situated at 37.54°N and 127°W.

While the maximum output of the PV module was achieved
when facing south (180°) considering the solar path at this
location, the DGA results based on the azimuth angle indicate
that facing south is not the optimal installation method from
a power-grid stabilization perspective for all demands, except
for the manufacturing sector. The public sector, in particular,
exhibited the worst results in terms of power grid stability.

These findings suggest that an inclination angle at 180° should
be avoided to ensure power-grid stability in cities where the
public sector constitutes the main business structure.

D. Variation of DGA With Inclination Angles and Azimuths

The optimal inclination angle and azimuth based on the load
patterns were analyzed, and the results are plotted in Figs. 17-20.
The x-axis represents the inclination angle (inclination angle)
and the y-axis represents the azimuth angle. Closer to blue
indicates a DGA value closer to 0, which is favorable, whereas
closer to red signifies a DGA value closer to 1. The optimal
installation for grid stability can be achieved by installing under
one of the conditions in the blue area.

Table VIII lists the optimal inclination angle and azimuth ac-
cording to load patterns. The optimal inclination angle was found
to be 30° or above, while the optimal azimuths for residential
use were northwest and southwest for the public, service, and
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manufacturing sectors. This suggests that different installation
methods have to be selected for different load patterns. By ap-
plying installation methods that correspond to the load patterns
of the main businesses in a city, grid stability could be improved.

V. RESULT

In this section, the actual changes in electricity usage of the
transmission lines were analyzed when the PV module inclina-
tion angles and orientations for each electricity usage pattern
presented in Section IV were applied.

Figs. 21-24 represent the cases of south-facing installation
and those where the DGA is minimized. The black square la-
beled “Power consumption” in the figures represents the normal
case, indicating the typical electricity usage pattern when a
PV power plant has not been applied. The red circle signifies
the scenario when installed facing south to achieve maximum
electrical output. The blue triangle represents the grid stability
installation case, which illustrates the electricity usage pattern
when installed in a manner that minimizes the DGA, as presented
in Table VIII.

Fig. 21 illustrates the changes in the electricity pattern for
the Dwelling case. When installed facing south (red circle), it
is observed that the electricity generation is high, resulting in
the lowest amount of electricity supplied through the grid. In
contrast, the grid stability case (blue triangle) has a lower output
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compared to the south-facing installation, but it can be seen
that the rate of change in electricity consumption is relatively
reduced. In the Dwelling case, the DGA was 0.1009 and after
the adjustments in the installation, the improved DGA is 0.057.
This represents a 77.02% improvement in power stability.



CHOI et al.: OPTIMAL INCLINATION AND AZIMUTH ANGLES OF A PHOTOVOLTAIC MODULE WITH LOAD PATTERNS 535

= Power consumption
1600 - o Azimuth angle,
'§ Azimuth angle, 4
=, 1400
5
o= LB |
= | -
g 1200+ " = "
2 . [
S 1000 - Cm
[s] [ ] ] |
= .
£ .
S 80 f g anaan" P .
3 s L A
° 600 4 anl
2 a *
S ® aa
g 400 °®
3
(6]
20— T T T T T T T T 11
0 2 4 6 8 10 12 14 16 18 20 22 24
Local time[h]
Fig. 22. DGA for manufacturing case.
= Power consumption
1400 4 ® - Azimuth angle,
g LB . A Azimuth angle,,
> -
1200 . .
o
k<Y
£ A
2 1000 o i .
8 .
= - At »
2 800 y e \ . "
3 “aaawa L
[} AT o A A
2 600 S
k]
=3 L]
E 400 ®e
o
T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Local time[h]
Fig. 23. DGA for public case.

Fig. 22 depicts the change in the electricity usage pattern
for the Manufacturing case. In this scenario, the south-facing
installation (red circle) and the angle that results in the minimum
DGA (blue triangle) differ by only 10°. Therefore, for manu-
facturing, the installation method that generates the maximum
amount of electricity does not significantly differ from the grid
stability case. As a result, in areas predominantly composed of
manufacturing industries, south-facing installation is the most
advantageous approach.

Fig. 23 shows the change in the electricity usage pattern for
the Public case. In this case, the south-facing installation (red
circle) tends to decrease the stability of the power grid due to the
amount of electricity generated in the morning hours. Although
the generation between 14:00 and 16:00, and after 18:00, are
higher at the grid stability case (blue triangle), it shows more
gradual change compared to the south-facing case. Therefore,
the grid stability case results in higher stability of the power grid.

Fig. 24 shows the change in the electricity usage pattern
for the Service case. In the grid stability case (blue triangle),
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Fig. 24. DGA for service case.

the output after 16:00 is observed to be higher compared to
the south-facing (red circle) direction, and the rate of change
throughout the generation time is relatively low, indicating that
the stability of the power grid is high. The DGA was 0.07324,
and after adjustments made through installation, the improved
DGA was 0.05136. This represents a 42.6% improvement in
power stability.

This analysis indicates that the installation azimuth angle
can influence the stability of the power grid according to the
electricity usage pattern, and these results demonstrate that
adjusting the installation methods of PV modules according to
the predominant industries of each city would be beneficial for
power grid stability.

VI. CONCLUSION

RE100 represents a global commitment to a sustainable
future, and large-scale PV power systems are being widely
installed to maximize power generation and meet this com-
mitment. First, solar radiation was calculated based on the
inclination and azimuth angle to predict the output of bifacial
solar modules. The calculated output was compared with actual
measurements from both small and large-scale solar power
plants, resulting in a mean absolute percentage error (MAPE) of
5.71%. Using this output prediction model, the optimal inclina-
tion angles were analyzed for different electricity usage patterns.
In the Dwelling case, the DGA value improved from 0.1009 to
0.057, a 77% enhancement. In the Public case, the DGA value
improved from 0.06055 to 0.05, a 21.1% enhancement. For the
Service case, it improved from 0.07324 to 0.05136, a 42.6%
improvement, and in the Manufacturing case, it improved from
0.07538 to 0.05528, a 36.4% increase, indicating a high degree
of stability improvement.

This research may not be applicable in countries with suf-
ficient grid capacity or those where maximum output is not
critical. However, it could be beneficial in countries facing grid
capacity limitations and localized high-capacity installations,
such as South Korea, to improve electrical stability.
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