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Abstract: This research article presents a comprehensive investigation into the design, optimiza-
tion, and performance analysis of a hybrid stand-alone microgrid for an industrial facility in Iraq
at coordinates 36.51 and 43.99. The system consists of photovoltaic (PV) modules, inverters, a
battery energy storage system (BESS), a generator, and AC loads. Leveraging the capabilities of
PVsyst version 7.3.1, HOMER Pro version 3.14.2 and SAM version 2022.11.21 software tools, this
study assesses the feasibility and functionality of the hybrid stand-alone microgrid. In this study,
PVsyst software is used for detailed designing and analysis of a PV plant, and the PVsyst design
file is then used in HOMER Pro software to optimize and design the proposed hybrid stand-alone
microgrid, and for detailed performance analysis SAM software is employed. This paper also in-
vestigates the impact of ground clearance and ground albedo on the annual generation of bifacial
PV modules at various tilt angles. Key findings include a promising normalized production rate of
4.53 kWh/kWp/day with a performance ratio of 0.815 and annual energy production estimates of
84.31 MWh (P50), 79.57 MWh (P90), and 78.24 MWh (P95) for monofacial PV modules, highlighting
the system’s potential for renewable energy generation. Notably, this research demonstrates the
hybrid stand-alone microgrid’s capacity to significantly reduce CO, emissions, saving approximately
1811.6 tons over a 30-year period, thus contributing to sustainability and environmental conservation
goals. Additionally, this study reveals operational challenges during the winter months, necessitating
generator support to meet load demands. The successful installation and experimental validation of
the hybrid stand-alone microgrid underscore its practical viability and its role in advancing clean
energy solutions. This research provides valuable insights into hybrid stand-alone microgrid design,
emphasizing its importance in ensuring reliable power supply and environmental stewardship.

Keywords: distributed generation (DG); energy storage system (ESS); photovoltaic (PV); battery
energy storage system (BESS); electrical diesel generator (EDG); Hybrid Optimization Model for
Electric Renewables (HOMER); performance ratio (PR); renewable energy sources (RES); system
advisor model (SAM)

1. Introduction

The conventional means of electrical energy generation, primarily relying on fossil fuel
power plants, have long been associated with significant environmental and economic chal-
lenges. These drawbacks include detrimental contributions to air pollution and greenhouse
gas emissions, leading to climate change and adverse effects on human health. Moreover,
such energy production methods are fundamentally unsustainable as they rely on finite
resources like coal, oil, and gas, which are inexorably depleting [1,2]. Additionally, these
conventional power plants often impose severe consequences on local ecosystems and
wildlife through habitat destruction and water pollution. The economic burden of electric-
ity generation through these means is equally substantial, encompassing both financial and
environmental costs [3].
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Conversely, renewable energy generation has emerged as a promising alternative [4].
However, it is not without limitations. Renewable sources, such as solar and wind power,
can be intermittent and subject to the unpredictability of weather conditions [5,6]. This
intermittency necessitates the development of backup systems and energy storage solu-
tions [7]. Furthermore, while renewable energy infrastructure costs have decreased over
time, the initial investment remains relatively high. Additionally, not all geographical
locations are conducive to certain types of renewable energy generation, limiting their
widespread adoption [8].

In response to these challenges, microgrids (MGs) have emerged as a viable solution
for localized energy generation [9]. These MGs typically comprise components such as low-
voltage (LV) distribution systems, distributed energy resources (DERs) (e.g., photovoltaics,
fuel cells, micro-turbines), energy storage components (batteries, energy capacitors, and
flywheels), and flexible loads [10]. MGs can operate in both non-autonomous (grid-tied)
and autonomous (grid-independent) modes, offering flexibility and resilience [11,12].

The HOMER Pro microgrid software from HOMER Energy stands out as the indus-
try standard for microgrid design optimization. It leverages the Hybrid Optimization
Model for Multiple Energy Resources (HOMER) to simulate and analyze various equip-
ment configurations to find optimal system designs. HOMER simulates the operation
of hybrid microgrids over the course of a year, providing insights at varying time steps,
from one minute to one hour [13]. In [14], the focus is on the design, performance anal-
ysis, and optimization of a grid-connected hybrid microgrid for hospital applications
employing HOMER software. Ref. [15] explores the design of an off-grid (stand-alone)
hybrid (AC/DC) microgrid intended for a community system using HOMER software.
Ref. [16] presents the optimization of a grid-connected microgrid for three different cities
in Pakistan employing HOMER software. In [17], researchers present the modeling and
optimization of a community microgrid situated in a housing estate in Cape Town, South
Africa, employing HOMER software. Ref. [18] addresses the design considerations for a
microgrid in Rwanda, specifically engineered to provide low-cost electricity employing
HOMER software. PVsyst software is the best approach for analyzing PV generation, as
solar design depends on various factors, including its longitude, range, climatic conditions
like temperature, wind speed, and sun-oriented irradiance. By evaluating these factors, it
will be possible to increase the efficiency of a sunlight-based PV module and predict the cost
of the system [19-23]. Ref. [19] conducts a performance analysis on a grid-connected PV
plant generating 4908 MWh annually for a university in Bahawalpur, Pakistan, employing
PVsyst software. Ref. [20] focuses on the design and installation of a stand-alone solar PV
system, utilizing PVsyst software to meet the annual energy requirement of 1086.24 kWh
for a college in India. Ref. [21] details the design of a 100 MW grid-connected PV plant for
a university in Saudi Arabia, employing PVsyst software. Ref. [22] delves into the analysis
and design of a 700 KWp grid-connected solar power plant in the Daikundi province of
Afghanistan using PVsyst software. Ref. [23] presents the modeling and simulation of
a 1 MW PV plant in the north of Morocco, employing PVsyst software. SAM software
can be used for performance analysis of hybrid microgrids by monitoring and analyzing
the software components that contribute to the overall performance of the system [24-30].
Ref. [24] introduces Cascade Extended Analysis as a methodology to ascertain the opti-
mal capacities and sizes of diverse power generation and energy storage systems (ESSs)
with a renewable energy plant, applicable to both grid-connected and stand-alone setups,
facilitated by SAM software. Ref. [25] conducts an analysis of energy generation from
on-grid PV plants across all regions of Brazil. Ref. [29] details the design and performance
analysis of an 8 kW PV grid-connected system incorporating an ESS, employing SAM
software. Ref. [30] presents an analysis of a PV system and BESS for the community using
SAM software.

This research paper is dedicated to the optimization, simulation, performance analysis,
and design of hybrid stand-alone microgrids tailored to meet the energy needs of facilities.
It aims to validate the proposed designs through empirical test results and experiment
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reports. To achieve this, a combination of various software tools will be utilized, each
offering distinct advantages and limitations. For instance, PVsyst is particularly valuable for
PV plant design and conducting detailed analysis with real-time parameters. HOMER Pro
excels in optimization and analysis, while SAM software proves advantageous for studying
the performance analysis of hybrid stand-alone microgrids with battery energy storage
systems. Including test findings and experiment reports will provide robust validation
for the proposed hybrid stand-alone microgrid designs, advancing the field of sustainable
energy solutions.

The following is how this paper is structured: In Section 2, a comprehensive overview
of the proposed hybrid stand-alone microgrid is presented. It begins with an exploration of
the microgrid’s structural design, followed by an in-depth analysis of the electrical load
schedule and system sizing calculations. The modeling of the photovoltaic (PV) system
is then elucidated, covering the design parameters and calculations that are discretized
for utilization in PVsyst software, employed in the subsequent PV plant designing phase.
Subsequently, the microgrid’s design is explicated using HOMER Pro software, incorporat-
ing data files from PVsyst software. The section culminates with the performance analysis
methodology for the proposed microgrid, employing the System Advisor Model (SAM)
software. In the subsequent Section 3, the focus is on the outcomes derived from PVsyst
software. This includes an exploration of the impact of ground clearance and ground albedo
on the annual generation, considering various tilt angles of bifacial PV modules. For mono-
facial PV modules integrated into the proposed microgrid, the discussion encompasses
daily output energy, normalized production per installed kWp, loss analysis, probability
distribution, performance ratio, capacity factor, and saved CO, emissions projected over the
next 30 years. The results obtained from HOMER Pro software, detailing power injection
from the PV system and an emergency diesel generator (EDG) into the microgrid, as well
as the expected PV and EDG output power for the entire year, are thoroughly examined.
The performance analysis of the microgrid, using SAM software, is then discussed. Finally,
the section concludes with an analysis of practical results. This paper concludes with a
final section summarizing the key findings and insights gained from this research.

2. Materials and Methods

This section aims to provide a comprehensive understanding of the proposed hybrid
stand-alone microgrid. Firstly, it will delve into the structure of the microgrid, highlighting
its various components and their interconnections. Following this, the electrical load
schedule and system sizing calculation will be discussed, providing insights into the
planning and optimization of the microgrid’s energy usage. Subsequently, the modeling of
the photovoltaic (PV) system will be explained, shedding light on the technical aspects of
integrating renewable energy sources into the microgrid. Moving forward, the design of the
hybrid stand-alone microgrid will be elaborated upon, emphasizing the considerations and
strategies employed. Lastly, the performance analysis of the microgrid will be presented.

2.1. Structure of the Proposed Hybrid Stand-Alone Microgrid

The hybrid stand-alone microgrid taken into consideration in this study will be used to
meet the demand requirements of a facility in Iraq. Since there is currently no distribution
network in the area where the facility is located, building a dedicated line to the site
would need a substantial capital investment. This is the rationale for choosing to build a
microgrid. Therefore, an autonomous microgrid would be better from that point of view
because energy consumption would then be provided for free during the project’s lifespan.
Additionally, a microgrid that mainly uses renewable energy sources would make it easier
to reduce CO, emissions, which would improve the environment and play a significant
role in the transition to a carbon-free world.

Photovoltaic (PV) panels, a battery energy storage system (BESS), and a diesel gen-
erator form the autonomous system under consideration, which is designed to handle
extended periods of darkness, illustrated in Figure 1.
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Figure 1. Schematic of hybrid microgrid.

2.2. Electrical Load Schedule and System Sizing Calculation

The site consists of industrial loads. Therefore, the site’s peak load will not differ
considerably neither during summer and winter nor during weekends and weekdays. The
detailed electrical load schedule of an existing facility is presented in Table 1. Note that
Table 1 lists the current facility’s detailed electrical load schedule, Table 2 lists the input
data, and Table 3 lists the sizing calculation of the diesel generator. However, a 50 kVA
generator is selected considering the load of the facility as well as the charging load of BESS
during an emergency condition. Moreover, Table 4 lists the sizing calculation of BESS.

Table 1. Detailed electrical load schedule.

S.n Load Description Total Wattage (W) hr./day Amp. hr./day Watt hr./day
1 Pump Motors 1000 24 60 24,000
2 Control Panel Loads 1040.38 24 109 24,969.12

3 Heat Tracing 500 24 52 12,000
4 Access Control Cabin Loads 3305.5 24 345 79,332
5 Elec. Equipment Room Loads 1700 24 181 40,800
Total Load in Watts 7546 Watts
Total Load in Watts with 15% Margin 8678 Watts

Total Load in Watt hr./day 181,101 W-hr./day

Total Load in Watt hr./day with 15% Margin 208,266 W-hr./day

Table 2. Input data.

S.no Description Value Unit
1 Three-Phase Voltage 400 \%
2 Single-Phase Voltage 220 A%
3 Power Factor 0.8
4 Efficiency 0.9
5 Largest Motor 0.55 kW
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Table 3. Diesel generator sizing.

Calculation of Required Generator Rating under Running Condition

Total running load in kW 7.5 kW
Total running load in kVAR = kW x Tan(cos~1(8)) 5.7 kVAR
Total running load in kVA = Sqrt((kW)? + (KVAR)?) 9.43 kVA
Total running load in KVA with 15% margin 10.85 kVA
Calculation based on largest motor load
Largest motor load 0.55 kW
Starting current 6 Times
Full load current for largest motor 3.32 Amp
Motor rating (kW /power factor) 0.69 kVA
Motor rating considering the starting current (6 x 0.69) 413 kVA
Total running load of the site with largest motor starting current
Total running load of the plant with 15% margin 10.85 kVA
Largest motor kVA considering the starting current 413 kVA
Total kVA required for generator 14.97 kVA
Table 4. BESS sizing.
BESS Sizing Calculation Basis
Total load (during power supply from battery) 7546 W-hr.
Total load in VA (with the power factor of 0.8) 9432 VA
Battery aging factor (Ag) 0.2
Battery depth of discharge (DOD) 0.8
Battery efficiency (1) 0.95
Total load of BESS in AH
Backup capacity 16 hr.
BESS voltage 48 \%
Total load of BESS = (total load in kW x backup capacity)/battery bank volt 2457 A-hr.
Size of the BESS
Size of the BESS = [(load in A-hr.) x (1 + Ag)]/[n x DOD] 3200 A-hr.
Number of batteries required
Selected battery A-hr. 200 A-hr.
Selected battery V 48 \%
Total Number of batteries required 16 No.

System sizing is modeled considering the industrial load as essential load. For reli-
ability of power supply, all system components are designed with the torque load of the
facility taken into account. Furthermore, the system is designed in such a way that during
the sun hours, the PV plant will supply electricity to the load and the BESS, while during
off sun hours, the BESS will supply electricity to the load, and a backup diesel generator
will supply electricity to the load in an emergency.

2.3. Modeling of PV System

PVsyst version 7.3.1 software is used to model PV systems. PVsyst software is a
powerful tool for solar energy system design, simulation, and performance analysis. It
allows us to accurately assess the energy production potential of a photovoltaic system by
considering factors such as location, shading, module characteristics, and system configura-
tion. With PVsyst, one can optimize system sizing, evaluate different design scenarios, and
estimate the financial viability of solar projects. It is a valuable software in the renewable
energy industry. Figure 2 illustrates the flowchart for PVsyst software.
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Figure 2. Flowchart for PVsyst software.

Results are presented by PVsyst software as a comprehensive report with relevant
graphs and tables. The information may be exported for use in other applications.

PVsyst software is a comprehensive tool used for designing PV arrays with three
different methods: grid-connected, stand-alone, and pumping. In this research, the grid-
connected method has been selected to design the PV arrays. There are a total of four PV
arrays in this design. Three of these arrays consist of one string inverter per PV array and
two strings of 13 PV modules per PV array, each module with a power output of 500 Wp.
The remaining PV array consists of one string inverter and two strings of 12 PV modules,
each with a power output of 500 Wp. These PV arrays are designed for a fixed tilted
plane field type arrangement, ensuring optimal sunlight exposure and energy generation
during winter.

2.3.1. Define Project

The geographical coordinates of the facility are 36.5144907 and 43.9887378, respec-
tively. The facility is situated in a region of dry mountains. Hence, 0.2 is chosen as the
albedo value. Based on data gathered from the site, the following design parameters
were taken into consideration for the project: —1 °C for lower temperature for absolute
voltage limit, 20 °C for winter operating temperature for VmppMax design, 45 °C for usual
operating temperature under 1000 W/m?, and 50 °C for summer operating temperature
for VmppMax design.

Average Ins.

Irradiance of location = ——2———
f Average Sun

)
Here, Average Sun is the average number of hours per day with bright sunshine, and

Average Ins. is the average insolation of the location. The area unit is kWh/m?.

1000
hours

Solar Irradiance (W ) = irradiance(kWh) x 2)

m2

The solar radiation data were obtained from Meteonorm version 8.1 and the global so-

lar radiation on horizontal surfaces in the project site, and it was observed that it varies from
234.3 kWh/m?/month to 77.4 kWh/m?/month during the complete year. The relatively
low observed solar radiation from November to February is due to the prevailing high
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moisture content and heavy clouds during the rainy season in this area. The meteorological
data of the site are given in Table 5. Additionally, the SOLARGIS in Figure 3 provides a
location map of the solar resources.

Table 5. Meteorological data of the site.

Global Horizontal Horizontal Diffuse . Relative
e . Temperature Wind A
Month Irradiation Irradiation °C Velocity m/ Humidity
KWhr./m?/mth kWhr./m?/mth cloctly mis %
January 79.5 34.7 7.3 3.39 64.5
February 92.6 39.5 8.9 3.40 62.9
March 133.0 62.9 13.1 3.60 56.0
April 173.1 72.8 17.2 3.40 53.8
May 198.2 90.3 24.0 3.40 374
June 234.3 712 30.6 3.80 229
July 233.3 71.6 34.7 3.49 20.1
August 214.0 62.6 33.8 3.20 21.8
September 181.2 39.3 28.6 3.19 25.1
October 130.8 449 22.7 3.01 35.0
November 92.2 29.5 14.0 3.00 48.7
December 774 26.0 9.2 3.30 60.8
SOLAR RESOURCE MAP @ WORLD BANKGROUP
DIRECT NORMAL IRRADIATION
IRAQ ESMAP EIXED

48°E

36°N

JRamadi

© 2019 The World Bank
Source: Global Solar Atlas 2.0
Solar resource data: Solargis

L 1 100km

Long term average of DNI, period 1999-2018
Daily totals: 4.6 5.0 5.4 5.8 6.2 6.6
KkWh/m*
Yearly totals: 1680 1826 1972 2118 2264 2410

Figure 3. SOLARGIS global horizontal irradiation of location.
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2.3.2. Define Plane Orientation

A fixed tilted plane is considered in this study. The filed parameters are azimuth of 0°
and tilt of 45° to obtain maximum yield in winter; global irradiance calculated at this angle
is 928 kWh/m?.

2.3.3. PV Power Plant Design

In total, 102 TSM-DE18M(II) PV modules form the PV power plant, which has a total
installed capacity of 51 kW. The specifications for PV module are represented in Table 6.
The 102 modules are assembled into four units, and each unit is connected to a three-phase
SUN-12K-SG04LP3 inverter having a rated output power of 15.6 kW. The specifications for
the inverter are represented in Table 7. Each unit has two strings; three units have thirteen
modules each, for a total of 26 modules per inverter, and one unit has twelve, for a total of
24 modules per inverter. The inverter’s maximum power tracking voltage range is 800 V,
and the Voc computed per string is 715.79 V for three units and 660.73 V for one unit. The
combined Isc for each string is 12.28 A, which is less than the inverter’s maximum PV
short-circuit current range of 17 A.

Table 6. Specifications for PV module.

S.no Parameter Value Unit
1 Maximum power (P max) 500 Watt
2 Maximum power voltage Vmpp 42.8 \%
3 Open circuit voltage (Voc) 51.7 \Y%
4 Short-circuit current (Igc) 12.28 A
5 Max power point 11.69 A
6 Total efficiency 20.9 %
7 Power warranty of 84.8% output power 25 Year

Table 7. Specifications for inverter.

S.no Parameter Value Unit
1 Rating power of the inverter 13.2 kVA
2 DC voltage input 150-8000 \%
3 Efficiency 97.6 %

2.3.4. Detailed Losses

In this design, thermal parameter is selected for modules with air circulation, ohmic
losses for 2 x 16 m of 2x single-core 6 mm? DC cable per string and 10 m of four-core 10 mm?,
module quality is selected from specifications, LID loss factor as 2%, module mismatch

losses as 2%, string voltage mismatch as 0.1%, and soiling losses as 3%.

2.3.5. Shading Analysis

The effect of far shading is neglected because no adjacent object is casting a shadow
on the modules. For the geographic location, the height of the sun’s elevation above the
sky is essential, as it is understood that the lowest is on the winter solstice, i.e., in Decem-
ber. Figure 4 represents the solar elevation angle corresponding to the field coordinates.
Depending on the geographic location—the hemisphere, zone, and the exact location
expressed in degrees—the sun’s height can be calculated as shown in Figure 5.

Height dif ference(h) = sin 6 x L 3)
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Figure 4. The solar elevation angle corresponds to the field coordinates.

Height

Sun elevation difference (h)

angle ()

6 Panel tilt angle

Module Row spacing (d)
Figure 5. Shading calculation.

Here, 0 is tilt angle (°) and L is module width (m). The selected solar panel width is 2.176 m.
There are two panels in a module width; hence, the module width is 2 x 2.176 = 4.352 m.

Module shading length = Atan g 4)
Here, h is the height difference (m) and ¢ is the sun elevation angle (°) from the plot, the
sun elevation angle for December 21st, and the picked-up time frame for 10 a.m. to 2 p.m. is 24°.
Further, the azimuth angle correction shall be considered to calculate the minimum

row spacing (d). For this location, the calculated azimuth angle for December 21 is 30°.
d = Module shading length x cos («) ®)

Here, d is the minimum module shading length and « is the azimuth correction angle
(reference from the sun elevation angle plot, Figure 4). Results of shading calculations are
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shown in Table 8. Moreover, Figure 6 shows the architectural layout for the PV power plant

at the site.

Table 8. Shading calculation results.

. . . . Module Shading Azimuth Correction Minimum Module
Tilt Angle (0) Module Width (L), m Height Difference (h), m Length, m Angle (@), ° Shading Length (d), m
Equation 3 4 5
45 4.352 3.091 6.942 30 6.0
o1
- 8,133 s
% Z
m}:
D
QL
M
=
O
o
[{e]
(=]
oo
(e
~3
L 26,064 ¥ e
S r o2t
3183, &
~)

0

1 ijC‘[

Figure 6. Architectural layout for the PV power plant.

2.4. Designing the Hybrid Stand-Alone Microgrid

The HOMER Pro version 3.14.2 software has many advantages and is utilized for
the hybrid stand-alone microgrid model’s planning, design, and optimization. These
advantages include its capacity to accommodate various renewable energy resources
and several other elements needed for the reliable hybrid stand-alone microgrid model.
The software is quite competent in determining the model’s economic and technological
viability. The flowchart for designing the hybrid stand-alone microgrid using HOMER Pro
software is shown in Figure 7. The HOMER Pro software imports the PV plant’s CSV file

from the PVsyst software for better results.
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START

\Z

SELECT GEORAPHICAL LOCATION

\Z

ADD SPECIFIC LOAD

\Z

CHECK AND EDIT LOAD PROFILE

\Z

ADD POWER RESOURCE (GRID, GENSET)

\Z

ADD RENEWABLE ENERGY RESOURCE (PV, WIND etc.)

\Z

ADD GHI RESOURCE AND WIND SPEED RESOURCE etc.

\Z

ADD SYSTEM CONVERTER

A4

ADD STORAGE SYSTEM

A4

CALCULATE OPTIMIZED RESULTS

N\

END

Figure 7. Flowchart for designing the hybrid stand-alone microgrid using HOMER Pro software.

Moreover, Figures 8-10 shows schematics of the connection diagram for several hybrid
stand-alone microgrid components, including the configurations for the DC distribution
box, inverter, AC distribution box, BESS, load, and EDG of the proposed hybrid stand-alone
microgrid network. Figure 8 represents the schematics of DCDBs and inverters’ connec-
tion configuration, Figure 9 represents the schematics of BESS and inverters’ connection
configuration, and Figure 10 represents the schematics of AC side connection configuration.
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Figure 8. Schematics of DCDBs and inverters’ connection configuration.
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BESS and Inverter Connection Configuration
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Figure 9. Schematics of BESS and inverters’ connection configuration.
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AC Side Connection Configuration
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Figure 10. Schematics of AC side connection configuration.

2.5. Performance Analysis of Hybrid Stand-Alone Microgrid

SAM (System Advisor Model) version 2020.11.21 software is used to analyze proposed
hybrid stand-alone microgrid’s performance. SAM software offers detailed insights into
the energy production, consumption, and storage within the microgrid system. SAM is
used to assess the proposed hybrid stand-alone microgrid system’s overall effectiveness,
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viability, and reliability. For the performance analysis of the microgrid in this study, SAM
(System Advisor Model) software is used. Figure 11 depicts a flowchart for BESS charging,
and Figure 12 depicts a flowchart for BESS charging using SAM software.

Calculate PV energy
injected to BESS

Calculate PV energy
Update charge power injected to inverter
and run inverter

Check constraints (SOC Compute AC power
limits, dispatch limits) flow components

Figure 11. Flowchart for BESS charging.

Calculate PV plus BESS
DC power

Run inverter
model on
combined power

Update discharge
power

Check constraints
(SOC limits,
dispatch limits)

Compute AC
power flow to load

Figure 12. Flowchart for BESS discharging.

3. Results and Discussions

The first part of this section discusses the projected PV power plant’s results as
determined by the PVsyst software. The second part of this section discusses the results
of the proposed hybrid stand-alone microgrid that was produced using the HOMER Pro
software. The performance analysis findings from the SAM (System Advisor Model)
software for the proposed hybrid stand-alone microgrid are covered in the third part.
The final part of this section discusses the findings of the installed hybrid stand-alone
microgrid’s site testing.

The purpose of this study is to determine the best solution to design and implement a
hybrid stand-alone microgrid; therefore, different software is used in combination as each
software has its own benefits and limitations.
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Annual Generation (KWh)

3.1. PV Power Plant’s Results

A PV power plant’s performance is typically analyzed using a set of performance
characteristics defined by IEC Standard 61724 [31-33]; nevertheless, the most important
parameters include final energy output, performance ratio, and capacity factor. These
parameters provide information about the system’s energy production, the utilization of
available solar resources, and the overall effect of system losses.

The quantity of AC power produced by the system over a certain period is defined as
the final energy output of a PV power plant. The total energy produced can be calculated

using IEC Standard 61724:
N

Eac =) Eac (6)
t=1

where EAC (kWh) is the final energy output at time t, and N represents the number of
data sets. In the context of bifacial photovoltaic (PV) modules, the elevation of the module
holds significant implications for their performance. Elevating the modules heightens
backside irradiance uniformity, thereby amplifying bifacial power gain. This enhancement
is attributed to an augmented perception of ground-reflected light on the rear side of
the PV modules. Moreover, by manipulating ground albedo, the reflective nature of the
surface, an additional avenue for optimizing bifacial power gain is unveiled. A heightened
ground albedo intensifies the perception of ground-reflected light on the backside of
the PV modules, further contributing to increased energy generation. To illustrate these
phenomena, Figure 13 delineates the impact of ground clearance on annual generation
across various tilt angles of PV modules, while Figure 14 illustrates the influence of ground
albedo on annual generation, considering a scenario of zero ground clearance. These figures
serve as visual representations of the intricate interplay between module height, ground
clearance, albedo, and the ensuing impact on bifacial PV module performance.

93,000
92,000
91,000
90,000
89,000 /./o/”‘—_._’_.
88,000 —
87,000
0 0.5 1 15 2 2.5 3 3.5 4 4.5
Ground Clearance
—@— 45 degree tilt 35 degree tilt 25 degree tilt 15 degree tilt

Figure 13. Impact of ground clearance on annual generation across various tilt angles of PV modules.
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Annual Generation (KWh
(e}
o
k=
o
o

0 0.1 0.2 0.3 0.4 0.5 0.6
Albedo

—@—45 degree tilt —®—35 degree tilt 25 degree tilt 15 degree tilt

Figure 14. Impact of ground albedo on annual generation across various tilt angles of PV modules
considering zero ground clearance.

For monofacial PV modules, which are used in the proposed microgrid, Figure 15
depicts the PVsyst-software-determined daily system output energy of the proposed PV
plant. Figure 16 shows the normalized productions per installed kWp of PV plant, with a
collecting loss of 0.92 kWh/kWp/day, a system loss of 0.11 kWh/kWp/day, and a usable
energy output of 4.53 kWh/kWp/day.

Daily System Output Energy

350 T T T T T T T T T T T T
= Energy injected into grid

el

300

250

200

kWh/day

150

100 -

PETEETERTIN BRI TS NI S ST SR SR SRS AT

1 | | | | l | | | | | 1
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year

Figure 15. Daily system output energy of PV plant.
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Normalized productions (per installed kWp)

19 T T T T T T T T T T T
R Lc: Collection Loss (PV-array losses) 0.92 kWh/kWp/day 4
Ls: System Loss (inverter, ...) 0.11 kWh/kWp/day

Yf: Produced useful energy (inverter output) 4.53 kWh/kWp/day

Normalized Energy [kWh/kWp/day|

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

Figure 16. Normalized productions per installed kWp of PV plant.

Figure 17 presents the loss analysis of the PV plant for a year. Furthermore, Figure 18
depicts the probability distribution for the PV plant, with the 50th percentile value (P50) in-
dicating that the probability of annual energy production is 84.31 MWh, the 90th percentile
value (P90) indicating that the probability of energy production is 79.57 MWh, and the 95th
percentile value (P95) indicating that the probability of energy production is 78.24 MWh.

1840 kWh/m* Global horizontal irradiation ~
+10.3% Global incident in coll. plane
-2.55% Near Shadings: irradiance loss
2.00% 1AM factor on global > Op'hcal losses
-3.00% Soiling loss factor
1880 kWh/m* * 244 m* coll. Effective irradiation on collectors
efficiency at STC = 20.94% PV conversion J
95957 kWh Array nominal energy (at STC effic.) \
0.51% PV loss due to irradiance level
5.96% PV loss due to temperature
+0.75% Module quality loss > A l SS S
2.00% LID - Light induced degradation y
2.10% Mismatch loss, modules and strings
-0.40% Ohmic wiring loss
86431 kWh Array virtual energy at MPP )
-2.36% Inverter Loss during operation (efficiency) \
N 0.00% Inverter Loss over 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 > Sys Te m | OSS es
N -0.02% Night consumption
84366 kWh Available Energy at Inverter Output
N -0.07% AC ohmic loss
84311 kWh Energy injected into grid )

Figure 17. Loss analysis of PV plant.
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Figure 18. Evaluation of probability distribution.

The performance ratio (PR) of a PV power plant assesses the overall impact of losses
on the system’s rated output and shows how closely its performance adheres to ideal
performance under actual operating conditions. The reference is IEC Standard 61724:

PR Eac o Gstc @

Ppy_yatea Hpoa

where Ppy ¢4 is the installed capacity (in kW) of the PV system, Hpp 4 is the in-plane array
radiation (in kWh/m?/ day), and Ggrc is the reference irradiance (in kW/ m?). Figure 19
shows the projected PV plant’s performance ratio (PR), which was calculated using the
PVsyst software and is 81.5%.

Performance Ratio PR

—_
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PR: Performance Ratio (Yf/Yr): 0.815

-
-

Performance Ratio PR
o o o o o o o =
w N ()] D ~ [o°] [(e] o
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Figure 19. Performance ratio (PR) of PV plant.
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A solar PV installation’s capacity factor is calculated as the difference between the
total energy it produces over a certain period and the amount of energy it would have
produced if it had been operating at full capacity throughout the period. For instance, the
annual capacity factor is stated as follows:

Eac(a)
Cr=—-r"""— 8)
f Ppy —rated X Ap

where E 4 (,) is the total yearly final energy generated, and Ay, is the total predicted number
of operating hours in a particular period, usually taken to be a year.

84311 kWh

Cf = STkW < 365 <557

=0.82

A solar PV panel installation will decrease CO, emissions, which will contribute to a
pollution-free environment. In Figure 20, the green line represents the amount of carbon
emissions saved, which is 1811.6 tons of carbon emissions expected by the simulation over
the next 30 years are saved.

Saved CO: Emission vs. Time
2000 I I 1 1 | 1 I 1 1 I I 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

1800
1600
1400
1200
1000
800
600
400
200

¥
_200 | — ] 1 I 1| ] | l  — | 1 l 1 [l | — I ] 1 1| I |l |

0 5 10 15 20 25 30
Year

Balance : [tCO:]

Figure 20. Saved CO, emissions for the next 30 years.

3.2. Proposed Hybrid Stand-Alone Microgrid’s Results

This section discusses the results of the HOMER Pro software simulation for the
proposed hybrid stand-alone microgrid. Figure 21 shows the predicted power injection
from the PV plant to the hybrid stand-alone microgrid, with vertical blurred blue lines at
the beginning and conclusion of the picture indicating a lack of power supply to meet the
load, dark blue area indicates 0% injection, light blue area indicates 25-50% injection, green
area indicates 50-75% injection, and yellow area indicates 100% power injection, while
Figure 22 shows the predicted power injection from the EDG to the hybrid stand-alone
microgrid for the entire year, with yellow areas indicating power injection from the EDG
to the microgrid and dark blue area indicates 0% injection from the EDG to microgrid.
Additionally, Figure 23 depicts the expected PV plant and EDG output for the entire year to
meet load demand. It may appear that in the months of November, December, and January,
PV generation is insufficient to meet load needs; hence, EDG is used to meet load demand.
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Figure 21. Power injection from the PV plant.
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Figure 22. Power injection from the EDG.
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Figure 23. Expected PV plant and EDG output for the entire year.

3.3. Performance Analysis Results of Proposed Hybrid Stand-Alone Microgrid

This section discusses the SAM software simulation’s performance analysis results for
the proposed hybrid stand-alone microgrid. The hybrid stand-alone microgrid’s perfor-
mance analysis results are pretty excellent. Figure 24 depicts the simulated BESS charge
(Ah) level, energy injected from the microgrid to charge the BESS, and discharging of the
BESS to fulfill load demand for each month of the year. Figure 25 depicts the simulation
results of the BESS’s state of charge (SOC), energy injected from the microgrid to charge
the BESS, and discharging of the BESS to fulfill load demand for each month of the year.
Figure 26 shows the simulation results of unmet critical load, energy injected from the
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microgrid to charge the BESS, and discharging of the BESS to fulfill load demand for each
month of the year. These comprehensive analyses shed light on the hybrid microgrid
system’s performance and efficiency.

January February March April

3000

2000

{1000

August

3000

2000

1000

0 5 10 15 20
December

0 s 0 15 20
September

3000 3000 <3000 <3000

2000 2000 2000

1000 1000 _41000

BESS total Charge (A-hr.)
Electricity to BESS from System (kW)
Electricity to Load from BESS (kW)

Figure 24. BESS charge (Ah) and discharge level.
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BESS State of Charge (%)
Electricity to BESS From System (kW)
Electricity to Load From BESS (kW)

Figure 25. BESS state of charge (%), charging, and discharge.
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Figure 26. Unmet load, BESS charging, and discharge.

The results obtained from the software analysis have yielded satisfactory outcomes,
thus validating the feasibility of implementing the same design in experiment.

3.4. Experimental Results

This section covers the site testing’s findings and an overview of hybrid stand-alone
microgrid generation and consumption for August. Table 9 provides the results for DC
string voltage, showcasing the voltage levels across the strings. Table 10 shows the battery
bank results, which reveal important information about the battery’s performance. Moving
on to Tables 11 and 12, they present the load test results for both the inverters and the
battery, specifically at a 10.5 kW load. Lastly, Appendix A presents the testing results of
the hybrid stand-alone microgrid on an hourly basis, providing valuable insights into its
performance throughout the day. Moreover, Figure 27 presents the summary of hybrid
stand-alone microgrid generation and consumption for the month of August. Analyzing
these results will help us evaluate the efficiency and effectiveness of the system.

Table 9. DC string voltage.

String No. Panels/String Irradiance (W/m?) Rated Voltage (Vmpp) Recorded Voltage (Vmpp)
1 13 775 672 608.6
2 13 775 672 610.6
3 13 763 672 607.1
4 13 763 672 606.8
5 13 766 672 604.9
6 13 765 672 605.2
7 12 760 620 557.6
8 12 765 620 556.8

Table 10. Battery bank results.

Battery No. Rated Voltage (V) Capacity (Ah) Recorded Voltage (V)
1 48 200 49.69
2 48 200 49.79
3 48 200 49.82
4 48 200 49.86
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Table 10. Cont.

Battery No. Rated Voltage (V) Capacity (Ah) Recorded Voltage (V)
5 48 200 49.85
6 48 200 49.87
7 48 200 49.86
8 48 200 499
9 48 200 49.88
10 48 200 49.89
11 48 200 499
12 48 200 49.93
13 48 200 49.92
14 48 200 4991
15 48 200 49.93
16 48 200 4991
Table 11. Load test for the inverters.
Load Test with Solar Production 9 a.m.
Connected Load (kW) 10.5 Irradiance (W/m?2) 802
Inverter N PV Power (W) Battery SOC (%) Load
nverter No. owe y ° Vac (V) Tac (A) P (kW)
Master-01 6208 76 410 5.6 2398
Slave-02 6184 76 410 6.1 2530
Slave-03 5751 76 410 6.3 2701
Slave-04 6208 77 410 6.3 2765
Load test with solar production 9 p.m.
Connected Load (kW) 10.5 Irradiance (W/m?) 0
I N PV Power (W) Battery SOC (%) Load
nverter No. owe y ° Vac (V) Tac (A) P (kW)
Master-01 0 25 410 6.3 2704
Slave-02 0 25 410 6.1 2522
Slave-03 0 25 410 6.3 2401
Slave-04 0 24 410 6.3 2763
Table 12. Load test for the batteries.
S.0.C (%): 83.56 S.0.C (%): 85.81 S.0.C (%): 84.96 S.0.C (%): 86.61
B-1 Pack V: 49.55 B-5 Pack V: 49.56 B-9 Pack V (V): 49.56 B-13 Pack V: 49.61
Im (A): -9.1 Im (A): —14.9 Im (A): —14.82 Im (A): —12.32
Temp (C): 24.1 Temp (C): 245 Temp (C): 245 Temp (C): 24.6
S.0.C (%): 85.9 S.0.C (%): 87.03 S.0.C (%): 84.19 S.0.C (%): 86.59
B-2 Pack V: 49.6 B-6 Pack V: 49.85 B-10 Pack V: 49.56 B-14 Pack V: 49.58
Im (A): —15.1 Im (A): -128 Im (A): —14.67 Im (A): —13.29
Temp (C): 243 Temp (C): 23.1 Temp (C): 22.6 Temp (C): 23.8
S.0.C (%): 87.8 S.0.C (%): 86.51 S.0.C (%): 85.55 S.0.C (%): 84.81
B-3 Pack V: 49.6 B-7 Pack V: 49.65 B-11 Pack V (V): 49.6 B-15 Pack V: 49.57
Im (A): -137 Im (A): —11.1 Im (A): —13.73 Im (A): —-18.97
Temp (C): 242 Temp (C): 24 Temp (C): 232 Temp (C): 23.1
S.0.C (%): 89.61 S.0.C (%): 82.9 S.0.C (%): 85.21 S.0.C (%): 82.44
B-4 Pack V: 48.05 B-8 Pack V: 49.51 B-12 Pack V: 49.56 B-16 Pack V: 49.56
Im (A): —14.9 Im (A): —15.9 Im (A): —13.69 Im (A): —15.58
Temp (C): 249 Temp (C): 239 Temp (C): 242 Temp (C): 242
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Figure 27. Summary of hybrid stand-alone microgrid generation and consumption.

4. Conclusions

This research article comprehensively analyzes a hybrid stand-alone microgrid sys-
tem comprising PV modules, inverters, a battery storage system, a generator, and an AC
load. Integrating PVsyst, HOMER Pro, and SAM software tools allowed for a thorough
design, optimization, and performance evaluation of the hybrid stand-alone microgrid.
The findings reveal increasing ground clearance results in uniform backside irradiance,
which amplifies bifacial power gain to an optimal level, and increasing ground albedo also
results in bifacial power gain. For monofacial power generation there was a promising nor-
malized production of 4.53 kWh/kWp/day with a performance ratio of 0.815 and annual
energy production estimates of 84.31 MWh (P50), 79.57 MWh (P90), and 78.24 MWh (P95).
Notably, this study highlights the operational challenges faced during the winter months,
necessitating generator support for load fulfillment. Moreover, the hybrid stand-alone
microgrid is shown to be environmentally beneficial, saving approximately 1811.6 tons of
CO, emissions over a 30-year period, emphasizing its positive impact on sustainability
and clean energy initiatives. Furthermore, the successful installation and validation of
the hybrid stand-alone microgrid through experimental testing underscore its practical
applicability. This research contributes valuable insights to the field of hybrid stand-alone
microgrid design and underscores the importance of hybrid energy solutions to ensure a re-
liable power supply under varying conditions while simultaneously mitigating greenhouse
gas emissions. This research will assist researchers/engineers/designers in optimizing,
modeling, performance evaluating, designing, and implementing microgrid components
while taking into account various parameters.
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Appendix A Hourly Basis Testing Results of the Hybrid Stand-Alone Microgrid

Time: 700 800 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00  0:00 1:00 2:00 3:00 4:00 5:00 6:00
Irradiance (W/m?): 82 390 525 802 870 912 910 815 620 490 102 50 0 0 0 0 0 0 0 0 0 0 0 0

PV P(W): 912 3872 6208 2507 2458 2582 2445 2456 2405 2539 2020 234 219 2 10 0 3 11 0 0 0 6 48 204

INV-1 Load P(W): 2039 2326 2398 2644 2556 2775 2704 2636 2728 2494 2452 2426 2333 2328 2448 1951 2262 2822 2562 2827 2310 2483 2544 2505
EDG P(W): - - - - - - - - - - - - - - - - - - - - - - - -

PV P(W): 853 3875 6184 2693 2672 2681 2624 2714 2721 4260 1954 369 29 0 0 0 0 0 0 0 0 0 76 228

INV-2 Load P(W): 2318 2151 2530 2658 2658 2650 2781 2617 2669 2329 2591 2463 2556 218 2300 2553 2534 2822 2331 2375 1883 2176 2308 2370
EDG P(W): - - - - - - - - - - - - - - - - - - - - - - - -

PV P(W): 1070 3607 5751 2739 2773 2688 2811 2776 2870 3114 1949 451 3 0 0 0 0 0 0 0 0 0 26 409

INV-3 Load P(W): 2804 2741 2701 2648 2606 2709 2690 2618 2668 2708 2725 2814 2776 2607 2677 2626 2446 2824 2487 2453 2473 2686 2655 2530
EDG P(W): - - - - - - - - - - - - - - - - - - - - - - - -

PV P(W): 1220 3754 5894 2500 2583 2555 2618 2610 2589 2113 1720 361 32 0 0 0 0 0 0 0 0 0 318 516

INV-4 Load P(W): 2783 2778 2765 2546 2544 2570 2634 2579 2579 2735 2814 2806 2720 2666 2699 2603 2754 2448 2345 2186 2691 2724 2290 2449
EDG P(W): - - - - - - - - - - - - - - - - - - - - - - - -

B-1 5.0.C (%): 8737 89.01 93.63 100 100 100 100 100 100 100 100 9825 8356 761 6988 646 6194 619 61.4 59.1 482 4024 302 28.5

B-2 5.0.C (%): 87.47 8851 9347 100 100 100 100 100 100 100 100 9824 89 7972 7344 682 6531 6439 604 60.1 529 4588  36.6 34.6

B-3 5.0.C (%): 89.03 90.84 9439 100 100 100 100 100 100 100 100 9879  87.89 82 7643 701  66.65 6633  65.1 59.1 545 4825 394 37.6

B-4 5.0.C (%): 88.46 9039 93.88 100 100 100 100 100 100 100 100 99 89.61 8132 75.66 694 66.8 67.64 64.6 60.7 53.6 4743 37.6 36.8

B-5 5.0.C (%): 8925 91.8 9425 99.99 99.99 99.99 100 99.99 99.99 100 100 9423 8581 8344 7842 721 6857 6937 657 61.8 55.7 5022  50.2 40.4

B-6 S.0.C (%): 89.14 918 944 100 100 100 100 100 100 100 100 9512 87.03 84.07 793 729 6941 7057 @ 66.7 60.5 56.7  51.05 50 41.1

B-7 S.0.C (%): 89.02 91.21 9465 100 100 100 100 100 100 100 100 9435 8422 8246 774 709 6734 69.03 64.8 59.5 543 4827 483 37.7

B-8 S.0.C (%): 88.35 9058 9494 100 100 100 100 100 100 100 100 93.8 829 7678 76.01 759 6494 6888 633 57.9 52 4179 417 34.3

B-9 S.0.C (%): 87.86 9038 9544 100 100 100 100 100 100 100 9218 9218 8496 7952 7334 665 6286 6718 618 55.9 49.2 453 45.3 30.5

B-10 S.0.C (%): 877 902 95.06 100 100 100 100 100 100 100 9252 90.52 8419 7854 7057 67.7 6403 6337 625 57 50.8 43.6 42.5 32.2

B-11 S.0.C (%): 88.04 88.69 9519 100 100 100 100 100 100 100 931 91.12 8555 8034 7056 69.1 6545 6781 635 58.5 53 46.04 455 35.6

B-12 S.0.C (%): 8778 88.89 9498 100 100 100 100 100 100 100 90.16 911 8.21 799 7387 683 6457 67 62.6 57.4 51.8  45.04 40.2 33.7

B-13 S.0.C (%): 8844 8936 9492 100 100 100 100 100 100 100 91.21 91.23 86.61 82.05 76.45 70.6 66.67 69.5 64.6 59.4 541  48.12 40 37.5
B-14 S.0.C (%): 89.28 914 9624 100 100 100 100 100 100 100 91.1 911 8659 817 76.01 704 6917 69.7 64 59.2 54 4459 446 37

B-15 S.0.C (%): 88.28 90.73 9.2 100 100 100 100 100 100 100 89.86 89.85 84.81 79.78 733 68.1 642 6831 622 57 512  47.69 475 23.2

B-16 S.0.C (%): 88.23 90.71 9599 100 100 100 100 100 100 100 8795 8695 8244 7678 7044 684 6225 6693  60.6 55.1 488  41.69 415 30.6
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