JOURNAL OF ELECTRONIC VOLTAGE AND APPLICATION VOL. 3 No. 1 (2022) 54-68

© Universiti Tun Hussein Onn Malaysia Publisher’s Office

i% Journal of Electronic
Darmard ot IEVA Voltage and
T TATNTEIT AT Application

Journal homepage: http://publisher.uthm.edu.my/ojs/index.php/jeva

e-ISSN : 2716-6074

Design and Economic Analysis of a Grid-Connected
Photovoltaic System in Saudi Arabia using PVsyst Software

Abdelrahman Fathy Elsaid Ayousha', Mohd Noor Abdullah'**

Faculty of Electrical and Electronics Engineering,
Universti Tun Hussein Onn Malayia, 86400 Parit Raja Batu Pahat, Johor, MALAYSIA

2Green and Sustainable Energy (GSEnergy) Focus Group, Faculty of Electrical and Electronics Engineering,
Universiti Tun Hussein Onn Malaysia, 86400 Parit Raja Batu Pahat, Johor, MALAYSIA

DOI: https://doi.org/10.30880/1jie.2022.03.01.005
Received 10 July 2021; Accepted 04 October 2021; Available online 30 June 2022

Abstract: This paper presents the design and analysis of a grid-connected photovoltaic system (GCPV) in Al
Juaima'h, Dammam, Kingdom of Saudi Arabia. The main objective of this study is to design the suitable GCPV
system and investigate the potential of electricity costs and CO; emission reduction by using PVsyst software. The
sizing of the proposed GCPV system has been conducted using mathematical calculation and PVsyst software. It
shows that both calculation and simulation software obtained the same result of 1920 PV panels and 8 inverters
required for the same location. Therefore, further analysis of the proposed 960 kWp GCPV system has been
simulated in PVsyst software. From the simulation, it found that the system performances of PV array generation is
1649.9 MWh/year, energy injects into the grid is 1616.9 MWh/year, performance ratio is 82.3%, payback period is
6.9 years and CO; reduction is 29878.2 ¢. Therefore, the proposed GCPV system can provide significant electricity
cost saving and CO; reduction to the consumer.

Keywords: CO; emission, Grid-Connected Photovoltaic, PVsyst, PV Sizing, Renewable energy, Solar Energy

1. Introduction

The Kingdom of Saudi Arabia has become one of the largest countries in the market for photovoltaic energy projects
in the Gulf Cooperation Council countries and is expected to be the leader in the field of solar energy [1]. Solar energy
is a cheap and durable source of electrical energy Helping society overcome its dependence on traditional fuels [2].
Moreover, it is non-polluting, clean, and consistent. Fortunately, as energy prices rise internationally, the cost of solar
energy is declining. The cost of PV decreased by 50% between 2010 and 2014 [3]. The earth’s energy consumption can
be generated entirely annually by one hour of sunshine [4].

The photovoltaic system one of the main sources of the energy production world. The photovoltaic system reduces
the cost of electricity consumption and thus reduces the cost to the consumer. The system will also be able to cover the
site's energy needs completely. The photovoltaic system will help reduce environmental pollution significantly, as it will
reduce carbon dioxide emissions from waste energy sources such as petrochemical products. Based on all these
advantages, the PV system can be considered a great solution to the above-mentioned energy problems.

The Kingdom of Saudi Arabia is one of the largest energy consumers in the Middle East [1]. The Kingdom of Saudi
Arabia plans to increase its production of electric energy to 120 gigawatts by 2032, and the reason for this is the increased
demand for energy in the country [1]. According to the BP statistic regarding energy in the world in 2014, the Kingdom
of Saudi Arabia produced 1 billion kilowatt-hours of electricity throughout 2013 [5]. As the consumption of Saudi Arabia
increased in the past decade at a rate of 7.5-10% annually, and the intention to increase from 2007 to 2020 [2]. The reason
for this increase is due to the recent increase in population and industrial development [1]. According to the latest
statistics, the Kingdom of Saudi Arabia has the largest expansion plan in the Middle East to produce energy from
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renewable sources to build a certain future for the Kingdom of Saudi Arabia [1]. Nine Saudi Arabia in Khalil Amin to
add 41 gigawatts of solar energy and gigawatts of other renewable sources to expand the electricity supply [1].

This paper design a GCPV system for Al Juaima'h, Dammam, Saudi Arabia (26 ° 43'12.2 "N 49 °© 53'42.0" E) using
both mathematical calculation and PVsyst software. The main purpose of this study is to determine the suitable of GCPV
size including the number of PV panels, inverters, losses and system performances for the selected location. The proposed
GCPYV system is expected to reduce electricity costs and CO» emissions. The GCPV system design is based on location
data, historical electricity bills, selected solar panels and inverters as discussed in the next subtopic.

2.  Methodology

The method discussed for designing the GCPV system is divided into three sections. The three sections consist of
GCPV system mathematical calculation, PVsyst software and AutoCAD. Fig. 1 shows the main methodology flowchart
of the project.

Start

v

Design grid-connected system using a
mathematical equation

A 4

Design grid-connected system using
PVsyst

Draw single-line diagram using
AutoCAD

v

End

Fig. 1 - Main methodology flowchart of the project

2.1 Design GCPV System Using a Mathematical Equation

The mathematical design for the GCPV system shows the model-row spacing, GCPV components and protection
device. The solar panel technology used for the design is monocrystalline. The monocrystalline model name is
BLUESUN with model number BSM500PM5-72SB [6]. The inverter technology was used for the design of a three-
phase grid-connected PV system with multiple MPPT inverters. The selected inverter model is HUAWEI with model
number SUN2000-100KTL-M1 [7].

2.1.1 Model-row Spacing

The shading must be taken into consideration to reduce solar panels losses. The row spacing can be done using
the sun altitude and tilt angle. Fig. 2 shows the shading model row spacing. The tilt angle can do using Equation (1).
Referring to Fig. 2 The tilt angle can calculation using Equation. The PV model height (X) from the ground can be done
using Equation (2) [8].

55



A. F. E. Ayousha et al., Journal of Electronic Voltage and Application Vol. 3 No. 1 (2022) p. 54-68

SUN
ALTITUED
AT WINTER
e SOLTICE

o= === = 1

Fig. 2 - The shading model row spacing

Tilt" = (ALT x 0.93) — 21 (1)
X = Length X sin(Tilt") )

where Tilt" is the tilt angle in degree, 0.93 is the constant number for altitude more than 25 degrees, 21 is the constant
number for altitude more than 25 degrees, X is the tilt height in m and Length is the module length, in m.
The model row spacing (Y) can be done by referring to Fig. 2 from the ground using Equation (3).

Y = X X tan(ALT) 3)
where Y is the model row spacing in m.

2.1.2 The GCPV Components

The daily consumption can be calculated using Equation (4). The method used in this calculation depends on the
method described in reference [9] with some modifications. The total energy accumulated in the day.

Eyearly 4)

where Eqq is the energy used daily in kWh and Ejea, is the energy used yearly in kWh.
The daily sun peak hours are calculating using Equation (5). Also need to get the global solar irradiation using the
result of PVsyst the duration of solar irradiance can get Sun peak hours.

PSHpe‘riod (5)

SPH = 365

where SPH is the daily Sun peak hours and PSH,eriq is the duration of solar irradiance annually in kWh/m?.

The photovoltaic system power output shows in Equation (6). The data that needs to calculate the photovoltaic
system power output is the energy daily, sun peak hours, and duration of solar irradiance. The array output shows in
Equation (7).

_ Eday (6)
vaac - SPH
Pyvac = Povac X 1.25 (7

where Ppvqis the power output for inverter in kWh and P, is the power output for array in kWh.
The number of solar panels required for the GCPV system can be calculated using Equation (8).

Ppygc (8)

P mp_stc
where Nyoauie 1s the number of solar panels, Py is the expected power output of the solar system and Py, g is the module
standard test condition.

Nmodule -
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(Nmodule X Pmp_stc X 0-9) < Pnominal_inv_expected < (Nmodule X Pmp stc X 1) (9)

where Prominal_inv_expecied 18 the power nominal inverter expected.
Any inverter can be selected based on the power nominal inverter expected. To estimation of PV array power
based on selected inverter using Equation (10).

(Pnominaljnvfexpected> P (Pnominaljnvfexpected) (10)
1.00 - array.ste = 0.90

where Paay sic 1S the estimation of PV array power based on the selected inverter.
The estimated number of PV modules can be calculated using Equation (11).

(Parraystc) <N dul < (Parraystc> (11)
= Nmodule =

Pmp_stc Pmp_stc

where Nyoduie 1 the optimum number of PV modules.

After done, the Optimum array configuration needs to calculate the minimum and maximum number of PV per
string using the Equations below. Then determine the optimum array configuration.

Minimum number of PV per string:

Yp 12
Vmin _mp = Vmp,stc X [1 + 1(‘;'15) X (Tcell,max - Tstc)] ( )
Vmin?mp?eff =0.95x Vmin _mp (13)
Vmin_win_inv_allow =11x Vmin _win_inv (14)
_ Vmin _win_inv_allow (15)
Nmin _per_string — %
min_mp_eff

Maximum number of PV in series per string:

Y 1

Vinax _oc = Voc_ste X [1 + #06 X (Tcell,min - Tstc)] (16)
Vmax_inv_allow =0.95x Vmax _input_inv (17)

_ Vmax_inv_allow (18)
NS_max - V—

max_oc

_ Imax_dc_inv (19)

NP_max -

fsafety X Isc_stc

where Viin_mp 1s the minimum operating voltage, Vi s 1s Is the operating voltage during STC from solar panel datasheet,
ypmp 1 the temperature coefficient for power maximum from solar panel datasheet in % / °C, Tcenr max 1S the maximum
temperature solar panel datasheet, °C, Ty is the STC temperature, Viin mp o is the minimum operating voltage with cable
losses, Viuin_win_inv 18 the minimum voltage from inverter datasheet, Viin win_inv allow 1 the minimum allowed voltage for
inverter, Npuin_per siring 15 the minimum number of PV modules in series per string, Np mqx is the maximum number of PV
modules in series per string, Viax oc s the maximum open circuit voltage, Vo, o is the open circuit voltage during STC
from solar panel datasheet, V, y... is the temperature coefficient for open circuit voltage from solar panel datasheet, % /
°C, Teent min s the minimum temperature solar panel datasheet, °C, Viuax inv atiow 1S the maximum allowed voltage for
inverter, Np ma 1S the maximum number of PV string per inverter, Jnax dc inv 1S the maximum DC current for inverter from
inverter datasheet, fiy is the safety factor 1.25 Pnom and I, . is the short circuit current from solar panel datasheet.
Total energy generated for 1 year can be calculated using the following Equations.

Esys = Farray_stc X PSHperiocl X ftemp,avg X fmm X npv X Ninw (20)
YPm
ftemp,avg =1+ [ foop X (Tcell,avg - Tstc)] (21)

where Ej is the estimation energy generate after 1 year, fiomp avg 1S the temperature factor, f., is the positive power
tolerance, 7, is the efficiency for solar panels from solar panel datasheet, #i,, is the efficiency for inverter from inverter
datasheet, Teon avg is the average temperature from solar panel datasheet, °C.

To calculate the specific yield can be using the following Equation (22).
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ES S
Y, = __Tsys (22)

Parray_stc

where, Yris the specific yield in Wh/W.
The performance ratio can be calculated using the following Equation (23).

PR = Fys (23)

Parray_stcXPSHperiod

where PR is the performance ratio.

2.1.3 Economics and Environment

To ensure the system's efficiency, the project cost and its impact on the environment are calculated. Then compare
the project cost with the electricity bill. To calculate the project cost, need to use the total energy generated. Calculate
the cost per kilowatt-hour for an off-grid PV system based on the annual cost divided by the number of kilowatt-hours
generated in one year. Calculate annual cost based on device price and lifetime. The cost per kilowatt-hour for a grid-
connected PV system is calculated based on the number of costs involved in the year divided by the number of kilowatt-
hours generated in one year based on price and equipment life [10]. The generation cost for each component annually
can be done using Equation (24). The number of components, the cost per unit component, the lifetime component, and
the calculation of the generation cost of each component annually. The cost of the PV system can be done using Equation
(25). The total cost for a PV system per year considers the component lifetime. The tariff for PV system can be done by
the cost of generating power annually into the total energy produced by the photovoltaic per kilowatt-hour by using
Equation (26).

Cui (24)
Q;=nx
i L; )
cu, (25)
CTper—yea‘r = z Q; X L_
i=1 i
Tariff = CTpe‘r—year/Esys (26)

where @ is the generation cost of each component annually, # is the number of components, Cu; is the cost per unit
component, L; is the lifetime component, Crper-year is the cost of a solar energy system annually, Tariff is the price of the
tariff is calculated.

2.1.4 Protection System

The grid-connected PV system has protection components that save from any damage. The DC surge protective
device such as DC cables and DC switches. The AC surge protective device such as AC cables, AC switch, residual
current device, and meter.

2.1.4.1 DC Protective Device

The wiring is an essential part of the electricity design for safety and PV system performance. Very necessary
conductors and insulation are the perfect sizes. If the selected cable for the design is below the advised, the cables will
get damaged and cause a fire on the other hand if the cable size is below the advised size the system efficiency will drop.
There are two major cable types for DC parts on solar system array cable and string cable. The array cables calculation
can be done using Equation (27). The string cables calculation can be done using Equation (28) [11].

_2XLX(Np XIyp . Xp) 27
Aarrayfcable - %Vdro
100 L X Vmin _mp X Ns
2XLX Iy XP (28)

Astrin =
g_cable %V
—dor sy s X N
100 -mp

where Aaray cavie is the DC cable from string to an inverter in mm?, L is the length for the cable in m, p is the cable
resistivity in Qmm? m! %, Vi, is the voltage drop in the system and Asiing casie is the DC cable for between the series
modules in mm?.

The DC fuse current can be selected using Equation (29). The voltage and current for DC SPD and DC breaker
can be selected using Equation (30) and Equation (31).
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1.5 X I, < lprip < 2 X Igey,, 29
Vdcrating >12X% Vocstc X Ns (30)
Idcrating >13x Iscstc X Np (31)

where I, is the current rate for fuses, Vac ruing 18 the voltage rate for SPD and breaker and Zuc raing 1s the current rate for
SPD and breaker.

2.1.4.2 AC Protective Device

The AC wiring is an essential part of the electricity design for safety and PV system performance. Very
necessary conductors and insulation are the perfect sizes. If the selected cable for the design is below the calculated value,
the cables will get damaged, cause a fire and the system efficiency will drop. To select the AC cable, there is some factor
essential. For example, the cable groping factor assumes all cables carrying rated current. It can ignore calculating the
cable groping factor if expected to carry less than 30% of the ground rated current. The table shows the cable groping
factor.

For the AC cable, there are two types of cable that need to select. First cable from each inverter to the busbar.
Second cable all inverter combined in one cable from busbar to load and electricity utility. Equation (33) shows the AC
cable calculation[11][12].

Itmixjnv = In X 1.25 (32)

where v inv 1S the current rating in the air at 40°C, A and /, is the maximum current.

The AC circuit breaker, therefore, circuit protection, is set by the installer from any overload. Also, during the
maintenance time can shut down the system. The faulty circuit can easily quickly be restored. Equation (33) shows the
calculation for the AC circuit breaker.

I, =1,%x125 (33)
where I is the current rating.

2.2 PVsyst Simulation

PVsyst is a PV design and simulation program. It is designed to be used by electrical engineers and researchers. It
provides an easy-to-use approach to project development. PVsyst has a large database of meteorological data for several
locations around the world. It also provides manual entry of measured data for sites not included in the program. It
presents the results in the form of a complete report that includes specific graphs and tables. The data can be exported for
use in other programs. To get the results, we must provide some inputs to the program, such as the type of system on/off-
grid, current location, output power, type of solar panels, size of the inverter, and capacity of the batteries. Simulation
variables in PVsyst are:

Meteorological data

Radiation incident at the collector level
Incident energy factors

The behavior of the PV array

Losses of the inverter

System operating conditions

Energy use

e Efficiency

e Normal performance index

2.2.1 Select Design Type

It is essential to choose the design type for the PV system. The PVsyst software allowed us to choose the design
PV system. This project designs a grid-connected system. Fig. 3 shows the home page for the software.
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=:‘= Welcome to PVsyst 7.2

Project design and simulation

# i T
Grid-Connected Stand alone Pumping
Utilities
S % »
Databases Tools Measured Data

Fig. 3 - The home page for PVsyst

2.2.2 Main Parameters

The main parameter is essential to shows the correct result for the system. In the beginning, we need to choose the
location for the design and import the climate data. After this should enter orientation and system based on design
calculation. Fig. 4 shows the main parameters are orientation and system.

Variant Fonew [ e | w0 ot T Reoder Dekete
Variant n°® VCO  : New simulation variant
~—Main parameters Optional Simulation

(@) Orientation ‘ (@) Horizon ‘

Run Simulation

@ system ‘ (@) Near Shadings ‘

@ Detailec @ kil Advan imul

@ mp @ Energy T § Repor

@ E e Detailed results

Fig. 4 - The main parameters are orientation and system

2.2.3 Orientation Parameter

The orientation is to select the tilt and azimuth value that transposition factor (FT) using tilt angle. The loss should
be near zero percentage by using the yearly irradiation. The tilt angle and azimuth should be entered based on the design

calculation. Fig. 5 shows the orientation parameters.

(15 RV W Fixed Tilted Plane v
Field parameters TR 30"
Plane tit 30,0 | -
Azmuth [0.0 |0

Quick optimization

Optimization with respect to (7]
@ Yearly iradiation yield
O summer (Apr-Sep)

Azimuth 0°

west | . East

South

O winter (Oct-Mar)

Transposition Factor FT 110
Loss With Respect To Optimum -0.1%

’7““" meteoyied

0 30 60
Global on collector plane 2205 kWh/m? Plane titt

0 L
90 9 60 30 0 30 60 90
Plane orientation

® cancel o

Fig. 5 - The orientation parameters

2.2.4 System Parameters
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The PVsyst software needs three main inputs: the power plan, select the solar panel type, and select inverter type.
The power plan is the DC power for the array. The DC power should be more than AC power 25%. The solar panel is an
essential component of the design. The solar panel select based on power plan, economics and efficiency. The inverter is
an essential component of the design. The inverter converting the energy from DC input to AC output. Therefore, the
inverter must be specified with the design. The project design is used an MPPT inverter which increases the efficiency

of the system. The PVsyst shows the number of series and strings. Fig. 6 shows the system parameter.

Sub-array
—Sub-array name and Orientati
Name PV Array
3 Tit 30°

Orient. Fixed Tilted Plane Azmuth  0°
Select the PV module

Available Now Filter | All PV modules

Generic

Select the inverter

Available Now Inverter Info

Generic ]

Use multi-MPPT festandary unused Input maximum voltage:
Main input Secondary

Pre-sizing Help : 2
@ No sizing Enter planned power O (0.0 | kwp v
.. or available area(modules) fo m2
0
0
50 Hz
60 Hz
300-600 Global Inverter's power 0 kWac
ov

Fig. 6 - The system setting of the GCPV system

2.2.5 Running Simulation

The simulation starts to run after interring all input data. The simulation shows the output parameter for the system,
such as energy generated for the array, energy injected into the grid, performance ratio, specific yield, losses diagram,

economics analysis and save CO». Fig. 7 shows the simulation window.

Simulation parameters
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B

Fig. 7 - The simulation window

[System Output Power Dstrib

2.2.6 Economics Evaluation

After the system runs can add the financial cost for the project. The insulation cost such as the solar panel's cost,
inverter, stander, cables, insulation cost, maintenance, tariff, lifetime and other components. Fig. 8 shows the interface

Project gid-commected mono PV Array
Site Al Juaima'h Dammam Saudi Arabiz PV modules BSMS00PMS-7258 Inverter
System type  Grid-Connected Nominal power 960 kWp Inv. unit power
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(Generic meteo data) MPP current 128 A
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6000 T T T T T T T
°  Values from 01/01 to 3112
T so00f .
=
E ®
= 4000 4 =
= g
- 2
£ 2000} 1 i
z g
= 2000 ] 3
E 1000 |- E
.
0 L L L L ! L .
0 1 2 3 4 s B 7 8
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Spedfic prod. 1684 kwhfiwp/yr  Array losses
Performance Ratio 0.823 System losses.

JN2000-100KTL-M1-480Va

100.0 kw
8

Performance Ratio PR

T
11E Il =
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T
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L L L L
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Array Temperature vs. Effec

1000

of economics evaluation and required input data for the PVsyst software.
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Fig. 8 - The economics evaluation in PVsyst software

2.3 Draw Single-Line Diagram Using AutoCAD

A single-line diagram is to shows the number of strings and the series model for the design. AutoCAD was used to
draw a single-line diagram to show this equipment by returning to design output. Hance that to design the single-line
diagram, one also needs to know the number of strings, series models, amount of inverter and protection device. There
are many single-line diagrams for PV systems depending on the voltage and inverter. The schematic diagram of a three-
phase grid-connected PV system with multiple MPPT inverters.

3 Results and Discussion

This section is organized based on the result and analysis from the conducted methodologies from subtopics 2.1,
2.2 and 2.3 respectively.

3.1 Design of GCPV System using Mathematical Calculation

The calculation of the GCPV system is based on electricity consumption which is 1537500 kW/year for the proposed
location. The monocrystalline PV panel with 500 W (BSM500PM5-72SB) [6] from BLUESUN is chosen for this project.
While the inverter 100 kW from HUAWEI (SUN2000-100KTL-M1) [7] is used to convert from DC to AC power. The
model-row spacing is the distance between each row to decrease shading losses during the sun window (9:00 am to 3:00
pm) and has been calculated and presented in Table 1.

Table 1 - The output calculation model-row shading calculation

The output calculation for model-row shading

Tilt’ 3°
X 0.059m
Y 0.029m

The proposed GCPV design is on the total annual energy consumption of 1537.5 MWh and Global irradiation of
2007.3 kWh/m? and an average temperature of 26.8°C. Table 2 shows the input parameters for the selected PV panel and
inverter. Table 3 shows the output calculation of the GCPV design.

Table 2 - The input data for PV panel and inverter

Solar panel [6] Inverter [7]
Brpgre 500 W Prominat_inv 100 kW
Vmp,stc 39V Vmin _win_inv 200V
Voc_stc 46.8V Vmax _input_inv 1000V
Ypmp —0.34 Imax,dc,inv 260 A
Tcell,max 80°C
Yvoc —-0.27
Tcell,min 0°C
Lse,, 134 A
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Table 3 - The output calculation for the proposed GCPV system

DC and AC Power Requirement from PV Panel

SPH 5.5 hr

Pyvac 766000 W

Pyyac 957500 W
Min no. of module required, Npoquie 1915 Panels

Module Inverter Matching
7.30 ~ 8 Panels
19.01 = 19 Panels

N min _per_string

NS_max _string

Np max 15.52 = 15 String
Selected Nseries per string 16 Panel
Selected Nparallel per inverter 15 String
Total Panel per Inverter 16x15 = 240 Panels (120 kW)
No. of Inverter 1915/240 = 7.98 = 8 units
No. of panels required 16x15%x8 = 1920 panels
Performance Calculation
Egys 1581.069 MWh
Y 1646.946 MWh/MW
PR 0.820
Crper—year 22303.76 $
Tariff 0.014 $/kWh

Based on the optioned result, the grid-connected power planned 0.6825 MWh. The selected number of the series
module per string is 16 panels and the number of strings per inverter is 15 strings. Therefore, the number of the required
inverter for the proposed system is 8 units, and the selected number of the solar panel is 1920 units. The expected energy
generated is 1581.069 MWh per year. The specific yield is 1649.946 MWh/MW. The performance ratio of 82% is
indicated the high performance because greater than the normal PR of 80 %. The tariff for the proposed GCPV design is
0.014 $/kWh which is less than 0.05 $/kWh from the existing tariff.

The DC string cable calculate is 7.3373 mm?. So, from the standard, the DC cable size is 10 mm? by using appendix
F. The Dc fuse calculate is between 20.1 A and 26.8A. So, from the standard, the DC fuse is 25 A by using appendix G.
The DC SPD size for voltage is 898.56 V and current 17.42 A. So, from standard, the DC SPD is 1000 V. Table 4 shows
the DC protection devices calculation.

Table 4 - The DC protection devices calculation

The calculation for the DC protection devices

AString,cable 7.3373 = 10mm2
Lerip >20.1A
Lerip < 268A

Vac,ating > 898.56 V
lac,oring > 17.42A

From the calculation, the first cable is 162.5 A and the second one is 1300 A. The first cable size is 50 mm? and the
second cable size is 1000 mm?. For this design circuit breaker from the inverter to the busbar is MCCB 200 A. The busbar
size for the inverter is 6.3 x 25 mm. The circuit breaker for all inverters is ACB 1400 A. The busbar size for load and
electricity utility is 2 x 6.3 x 80. Table 5 shows the calculation for AC protection devices. The maximum current for
inverter 7,is 130 A.
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Table 5 - The AC protection devices parameter

The calculation for the AC protection devices
Limix inv 162.5A
I, 1300 A

3.2 PVsyst Simulation of the Proposed GCPYV System

The solar panel manufacturer is Bluesun with the module number (BSM500PM5-72B). The solar panel's power
output is 500 W. From the simulation in Fig. 2, it shows that the number of PV modules is 1920 with an STC (Stander
Test Condition) input power of 960 kW. The number of the series model per string 16 and the number of the string is
120. At operating condition 50°C, the output power will decrease to 878 kW, the voltage MPP 570 V and the current
1540 A. The available area for 1920 modules is 4500 m?. The inverter manufacturer is HUAWEI with the model number
of SUN2000-100KTL-M1 and rated power of 100 kW. The number of inverter modules is 8 units. The operating voltage
is between 200 V until 1000 V. The Power normal ratio from DC to AC is 1.20 as shown in Fig. 9.

PV module Inverter

Manufacturer Generic Manufacturer Generic

Maodel BSMS500PM5-725B Model SUN2000-100KTL-M1-480Vac
(Custom parameters definition) (Original PVsyst database)

Unit Nom. Power 500 Wp Unit Nom. Power 100 kWac

Number of PV modules 1920 units MNumber of inverters 8 unit

Nominal (STC) 960 kWp Total power 800 kWac

Modules 120 Strings x 16 In series Operating voltage 200-1000 V

At operating cond. (50°C) Max. power (=>40°C) 110 kWac

Pmpp 878 kWp Pnom ratio (DC:AC) 1.20

U mpp 570V

| mpp 1540 A

Total PV power Total inverter power

MNominal (STC) 960 kWp Total power 800 kWac

Total 1920 modules Nb. of inverters 8 units

Module area 4500 m? Pnom ratio 1.20

Fig. 9 - The PV module and inverter sizing obtained by PVsyst software

Fig. 10 presents the array losses obtained by PVsyst software. It shows that the module mismatch losses are 2% at
MPP. The Dc wiring losses 1.5% at STC. The module mismatch losses are 0.1%. The module quality losses are 1.3%.
The reflections on the glass cover 0.05.

Thermal Loss factor DC wiring losses Module Quality Loss

IMlodule temperature according to irradiance Global array res. 6.1 mQ Loss Fraction -1.3 %

Uc (const) 20.0 Wim?K Loss Fraction 15 % at STC

Uv (wind) 0.0 Wim2Kim/s

Module mismatch losses Strings Mismatch loss IAM loss factor

Loss Fraction 2.0 % at MPP Loss Fraction 01% ASHRAE Param: |AM = 1 - bo(1/cosi -1)
bo Param. 0.05

Fig. 10 - The array losses

The annual global horizontal irradiance on the plane is 2007.3 kWh/m?. The annual temperature 26.81°C. The
annual DC energy generated from the PV array is 1649.9 MWh and the annual AC energy injected into the grid is 1616.9
MWh. The performance ratio is 82.3 % high-performance because it up to 80 %.

Based on the optioned result, during the summer season, the global horizontal irradiance is higher than the winter
season because the sun is far from earth. The temperature is higher during the summer season more than in the winter
season. The performance ratio is higher during the winter season more than the summer season because high temperature
increases the losses on the system. Table 6 shows the balances and main results.
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Table 6 - The main results obtained by PVsyst simulation

Month GlobHor T-Amb EArray E-Grid PR
kWh/m? °C MWh MWh

January 124.9 14.46 112.6 110.4 0.873
February 126.1 16.68 110.3 108.1 0.864
March 158.8 21.39 134.2 131.6 0.846
April 182.3 26.46 149.3 146.2 0.827
May 206.2 32.74 163.0 159.7 0.805
June 207.9 35.36 161.6 158.4 0.795
July 207.5 37.16 160.7 157.5 0.791
August 195.1 36.60 152.6 149.5 0.793
September 186.3 22.57 150.0 147.0 0.807
October 165.7 28.92 137.6 134.9 0.820
November 129.8 21.98 113.3 111.0 0.848
December 116.7 16.75 104.7 102.6 0.866
Year 2007.3 26.81 1649.9 1616.9 0.823

Table 7 shows that results of the PV array and inverter sizing obtained by the calculation and PVsyst software.
It found that the calculation and simulation results are almost same.

Table 7 - Comparison of the main results obtained by calculation and PVsyst

Parameter Calculation PVsyst
No. of PV Panel 1920 Panels 1920 Panels
No. of Inverter 8 Units 8 Units

Yearly PR 0.820 0.823

The monthly average per year of collection loss, system loss and the produced energy yield close to 0.9
kWh/kW/day, 0.09 kWh/kW/day and 4.61 kWh/kW/day respectively for fixed-tilt panels. Fig. 11 shows the normalized
productions (per installed kW).

| | I ! I I I I I ]
Le: Collection Loss (PV-array losses) 0.9 kWhikWp/day
Ls: System Loss (inverter, ...) 0.09 kWh/kWp/day
Yf: Produced useful energy (inverter output) 4.61 kWhikWp/day

Normalized Energy [KWhEKWp/day]

Jan Feb Mar Apr May Jun  Jul  Aug Sep Oct Nov Dec

Fig. 10 - The normalized productions (per installed kW)

The global horizontal irradiation is 2007.3 kWh/m?. But the incident irradiation on the PV array collectors is 1967
kWh/m?. This because there is loss due to irradiance level 0.59%. The IAM factor on global is 2.75% due to the irradiation
reflected on the solar panel glass. The Shadings losses also are 1.19%. The electricity is 1650 MWh after conversion at
the STC efficiency of the panels is 21.34%. The temperature loss on the PV panel is 10.40%. The mismatch loss, modules
and strings are 2.1%. The ohmic wiring loss is 1.06%. The inverter loss during the operation process is 1.33%. The
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maximum MPP of the PV array is 1889 MWh. The energy injected into the grid after losses are 1617 MWh/year. Fig. 11

shows the loss diagram.

2007 kWh/m?® Global horizontal irradiation
+2.0% Global incident in coll. plane
-1.19% Far Shadings / Horizon
-2.75% 1AM factor on global
1967 kWh/m# * 4500 m? coll. Effective irradiation on collectors
efficiency at STC =21.34% PV conversion
1889 MWh Array nominal energy (at STC effic.)
-0.59% PV loss due to irradiance level
-10.40% PV loss due to temperature
+1.25% Module quality loss
-2.10% Mismatch loss, modules and strings
-1.06% Ohmic wiring loss
1650 MWh Array virtual energy at MPP
-1.99% Inverter Loss during operation (efficiency)
N 0.00% Inverter Loss aver nominal inv. power
N 0.00% Inverter Loss due to max. input current
N 0.00% Inverter Loss over nominal inv. voltage
N 0.00% Inverter Loss due to power threshold
N 0.00% Inverter Loss due to voltage threshold
N-0.01% Night consumption
1617 MWh Available Energy at Inverter Output
1617 MWh Energy injected into grid

Fig. 11 - The loss diagram

The project lifetime of 25 years starting from 2022. The financing cost for the project 557424 USD. The tariff cost
for the project is 0.05 USD/kWh. The payback period for the project is 6.9 years. The NPV (Net Present Value) for the
project is 1459581.03 USD. The ROI (Return on Investment) for the project is 261.8%. Fig. 12 shows the financial

analysis for the project.

Financing
Own funds

Electricity sale
Feed-in tariff

Duration of tariff warranty
Annual connection tax
Annual tariff variation

557'424.00 USD

0.05 USD/kWh
25 years

0.00 USD/kWh
0.0 %/year

Feed-in tariff decrease after warranty 50.00 %

Return on investment

Payback period 6.9 years
Net present value (NPV) 1'459'581.03 USD
Return an investment (ROI) 2618 %

Fig. 12 - The financial analysis for the project

The result shows that the CO, emission balance will save a total is 29878.2 tCO.. The replaced emissions total is
36040.2 tCO:. The Produced emissions total is 1392.62 tCO.. The Lifetime is 30 years. The annual degradation for the
system is 1%. Fig. 13 shows the CO: emission balance.
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Total 20878 2 t1CO=
Generated emissions

Total: 139262 tCO=
Source: Detailed calculation from table below
Replaced Emissions

Total: 360402 tCO=
System production: 1616.88 MWh/yr
Grid Lifecycle Emissions: 743 gCO2/KWh
Source: IEA List
Country: Saudi Arabia
Lifetime: 30 years
Annual degradation: 1.0%

Fig. 13 - The CO: emission balance

3.3 Single-Line Diagram of the Proposed GCPV System

The single-line diagram for the DC part using the design calculation. The solar panel modules for case 1 are 1920
units. The inverter units are 8. The number of series modules 16 and string 120. The DC string cable size is 100 mm?>.
The DC fuse size 25 A. The DC SPD voltage rate 1000 V. Fig. 14 shows the single-line diagram for the DC part.

Ealtoopas.mien

DC JBOX 1 "

[MPPTY]
Qa

e [MPPT4] e

N

=
MPPT8]

,,,,, SUN2000-100KTL-M1

Inverter 8

DC JBOX 8 R .
=]
=
L = R
=
=
a
| z
= B
=
=
o
o
=
= SUN2000-100KTL-M1

Fig. 14 - The single-line diagram for the DC part

The single-line diagram for the AC part using the design calculation. The inverter units are 8. The first AC cable
size is 50 mm?. The second AC cable size is 1000 mm?. The MCCB size is 200 A. The ACB size is 1400 A. The first
busbar size is 6.3 x 25 mm. The second busbar size is 2 x 6.3 x 80 mm. Fig. 15 shows the single-line diagram for the AC
part.
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—AC Cable size 50 mm?

..... e Busbar size 6.3 x 25 mm

ﬁ* — AC Cable size 1000 mm?
e 200 A

2480 v Busbar size 2 x 6.3 x 80 mm

MCCB
200 A

4.@/‘\ ACB PV Meter

1400 A H—I L

mcc 80 HJ » Electricity
Utility

t

Y

E

Y

MCCB

200 A
»480 VI Load«——

MCCB
200 A
»480 Y,

LA A%

t

L

Fig. 15 - The single-line diagram for the AC part

4 Conclusion

The paper presents the proposed design of the GCPV system in Saudi Arabia by using mathematical equations and PVsyst
software. The proposed 960 kW of GCPV system is based on the 500 W monocrystalline PV panel from Bluesun
(BSM500PM5-72B) and 100 kW HUAWEI inverter (SUN2000-100KTL-M1). It is found that the results obtained by
mathematical calculation and PVsyst software can produce the same results with 1920 panels and 8 inverters. It shows
that the PV array generation is 1649.9 MWh/year, energy injects into the grid is 1616.9 MWh/year, performance ratio is
82.3%, the payback period is 6.9 years and CO; reduction is 29878.2 ¢. Therefore, the proposed GCPV system is optimum
in terms of economics environmentally friendly for the selected location of this study.

Acknowledgement

This research was supported by Ministry of Higher Education Malaysia through Fundamental Research Grant
Scheme (FRGS/1/2018/TK04/UTHM/02/17). The authors would also like to thank the Faculty of Electrical and
Electronic Engineering, Universiti Tun Hussein Onn Malaysia for its support.

References

[1] A. A. Imam, Y. A. Al-Turki, and R. Sreerama Kumar, “Techno-economic feasibility assessment of grid-
connected PV systems for residential buildings in Saudi Arabia-A case study,” Sustain., vol. 12, no. 1, 2020, doi:
10.3390/su12010262.

[2] Hashem Elsaraf, “Design of a Utility Scale Solar Farm in Saudi Arabia.” October 06, 2020, pp. 1-17.

[3] I. Mosly and A. A. Makki, “Current status and willingness to adopt renewable energy technologies in Saudi
Arabia,” Sustain., vol. 10, no. 11, 2018, doi: 10.3390/su10114269.

[4] P. G. V. Sampaio and M. O. A. Gonzalez, “Photovoltaic solar energy: Conceptual framework,” Renewable and
Sustainable Energy Reviews, vol. 74. pp. 590-601, 2017, doi: 10.1016/j.rser.2017.02.081.

[5] BP, “Statistical Review of World Energy (http://www.bp.com/sectionbodycopy.do?categoryld
=7500&contentld=7068481),” 2020. [Online]. Available: www.bp.com/statisticalreview.

[6] “Bluesun Solar BSM500P-72.” https://bluesunpv.pl/lib/112if1/poli335-355-kaxrqgo0.pdf.

[7] Smart Energy Center, “Huawei Inverter,” 2017. https://bluesunpv.pl/lib/112if1/poli335-355-kaxrqgo0.pdf.

[8] M. Mostafaveypour, “Design of a 2 MW PV System, Industry Project,” 2017.

[9] F. Amri, “Renewable and non-renewable categories of energy consumption and trade: Do the development
degree and the industrialization degree matter?,” Energy, vol. 173, pp. 374-383, 2019, doi: 10.1016/j.energy
.2019.02.114.

[10]  S.A. Al-Ghamdi and K. A. Alshaibani, “The Potential of Solar Energy in Saudi Arabia: The Residential Sector,”
J. Eng. Archit., vol. 6, no. 1, 2018, doi: 10.15640/jea.v5n2a4.

[11]  BSI, Requirements for electrical installations, vol. 2, no. 2. 2018.

[12]  F.O. Electrical, “Cable Sizing Calculation,” pp. 1-10, 2016.

68



