<@ sustainability

Article

Enhancement of Solar PV Hosting Capacity in a Remote
Industrial Microgrid: A Methodical Techno-Economic Approach

Shaila Arif !, Ata E Rabbi 1*(, Shams Uddin Ahmed 2, Molla Shahadat Hossain Lipu 37, Taskin Jamal {2,

Tareq Aziz !, Mahidur R. Sarker (9, Amna Riaz °, Talal Alharbi *

check for
updates

Citation: Arif, S.; Rabbi, A.E.;
Ahmed, S.U.; Hossain Lipu, M.S.;
Jamal, T.; Aziz, T.; Sarker, M.R,; Riaz,
A.; Alharbi, T.; Hussain, M.M.
Enhancement of Solar PV Hosting
Capacity in a Remote Industrial
Microgrid: A Methodical
Techno-Economic Approach.
Sustainability 2022, 14, 8921.

https:/ /doi.org/10.3390/su14148921

Academic Editors: Mouloud Denai,
Mustapha Hatti, Azeddine Draou
and Pedram Asef

Received: 23 May 2022
Accepted: 1 July 2022
Published: 21 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Muhammad Majid Hussain ”

Department of Electrical and Electronic Engineering, Ahsanullah University of Science and Technology,
Dhaka 1208, Bangladesh; shaila.arif.eee@aust.edu (S.A.); tjamal.eee@aust.edu (T.J.); taziz.eee@aust.edu (T.A.)
Energrid Engineers Ltd., Dhaka 1212, Bangladesh; shams.shobuz@gmail.com

Department of Electrical and Electronic Engineering, Green University of Bangladesh,

Dhaka 1207, Bangladesh; shahadat@eee.green.edu.bd

Institute of IR 4.0, Universiti Kebangsaan Malaysia, Bangi 43600, Malaysia; mahidursarker@ukm.edu.my
Department of Electrical Engineering, Bahauddin Zakariya University, Multan 60000, Pakistan;
amna.riaz@bzu.edu.pk

Department of Electrical Engineering, College of Engineering, Qassim University, P.O Box 6677,

Buraydah 51452, Qassim, Saudi Arabia

Department of Electrical and Electronic Engineering, University of South Wales, Pontypirdd CF37 1DL, UK;
muhammad.hussain@southwales.ac.uk

*  Correspondence: ata_e_rabbi.eee@aust.edu (A.E.R.); atalal@qu.edu.sa (T.A.)

Abstract: To meet the zero-carbon electricity generation target as part of the sustainable development
goals (SDG?7), remote industrial microgrids worldwide are considering the uptake of more and more
renewable energy resources, especially solar PV systems. Estimating the grid PV hosting capacity
plays an essential role in designing and planning such microgrids. PV hosting capacity assessment
determines the maximum PV capacity suitable for the grid and the appropriate electrical location for
PV placement. This research reveals that conventional static criteria to assess the PV hosting capacity
fail to ensure the grid’s operational robustness. It hence demands a reduction in the theoretical hosting
capacity estimation to ensure grid compatible post-fault voltage and frequency recovery. Energy
storage technologies, particularly fast-responsive batteries, can potentially prevent such undesirable
scenarios; nevertheless, careful integration is required to ensure an affordable cost of energy. This
study proposes a novel methodical techno-economic approach for an off-grid remote industrial
microgrid to enhance the PV hosting capacity by integrating battery energy storage considering grid
disturbance and recovery scenarios. The method has been validated in an industrial microgrid with a
2.6 MW peak demand in a ready-made garment (RMG) factory having a distinctive demand pattern
and unique constraints in remote Bangladesh. According to the analysis, integrating 2.5 MW of PV
capacity and a 1.2 MVA battery bank to offset existing diesel and grid consumption would result
in an energy cost of BDT 14.60 per kWh (USD 0.1719 per kWh). For high PV penetration scenarios,
the application of this method offers higher system robustness, and the financial analysis indicates
that the industries would not only benefit from positive environmental impact but also make an

economic profit.

Keywords: PV hosting capacity; industrial microgrid; RMG; PV penetration; PV-battery system

1. Introduction

Rapid industrialization has resulted in a dramatic increase in product demand for
various sectors throughout the world. In every country, large and medium-sized industries
are expanding at a faster rate than ever before. These space-consuming industries locate
their technology, machinery, and office spaces mostly in remote regional locations based on
the availability of land-area, energy resources, workforce, transportation, and logistics. It
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may be mentioned that a large number of these distant regions are off-grid, and extension
of the central electric grid to those regions is not conceivable owing to techno-economic
issues in developing countries. As a result, there is always a concern about ensuring a
dependable and high-quality power supply to build sustainable growth. This influences
respective countries’ ability to achieve their sustainable development goals by 2030.

Being one of the developing countries, Bangladesh is also reaping the benefits of
fast industrialization. Due to the rapid expansion of related industries, the once agro-
based economy has shifted to an industrial economy. The ready-made garments (RMG)
business plays a considerable role in its economy among all other local industries. In
2021, Bangladesh’s textile sector was the world’s second-largest exporter, hosting more
than 4000 RMG factories [1]. Bangladesh has the highest number of LEED (Leadership in
Energy and Environmental Design) platinum-rated garment factories globally, owing to
industry owners’ emphasis on a dependable and sustainable power supply system for their
businesses [2]. According to the PV magazine, more than 500 enterprises have recently
registered to make their production facilities more environment friendly by utilizing the
net-metering facility offered by the utility [3]. According to some government bodies, these
factories consume almost one-sixth of the country’s energy consumption, and through
the low-cost financing mechanism, the adoption of net-metered solar PV systems would
significantly offer better energy efficiency and industry performance.

In the maximum of these RMG industries, the manufacturers opt to control their power
supply on their own in addition to the grid supply. Many of these RMG manufacturers are
located in remote or off-grid/isolated areas where grid electricity is either of poor quality
or non-existent. Traditionally, diesel-powered systems have primarily been prioritized
to the electrification of the industry as a result of their dispatchable nature, along with
trouble-free installation features and lower initial costs [4]. However, fluctuating prices, the
fuel supply uncertainty and the dependent supply chain mechanisms tend to obstruct the
availability of fuel and fuel trade. As an alternative, solar PV and wind energy systems
offer significantly less environmental impact than diesel-based energy systems and offer
an affordable and reliable energy supply. However, considering the local context, the only
available source is the solar PV in this case. This has opened the door to incorporating
locally exploitable clean energy resources into the generation mix. Integrating these systems
can help save money by reducing the dependency on the grid and taking advantage of
government rebates and facilities. The regular operation and maintenance costs and the
initial investment of the solar PV systems have been decreasing in recent years. Hence, in
many regions, solar PV incorporated hybrid energy systems provide a cost-effective and
technically reliable solution to the demand; global studies conducted by Jamal et al., and
El-houari et al., suggest this finding [4-6]. To incorporate such hybrid energy system, a
microgrid is a well-accepted concept in remote regions and is becoming more popular day
by day [7,8].

The entire capacity of the PV systems that may be integrated into a particular microgrid
without exceeding steady-state operating constraints is referred to as the hosting capacity
(HC) of PV. The HC of the PV system in a network gives an indication of the theoretical
maximum level of total PV system capacity that is allowed in the network. The HC
estimation needs to consider the network demand profile, generator dispatch profile,
operating reserve, PV system’s diversity and fluctuation factors, step load capacities of
generators, and generator startup and minimum run time etc. [9]. Hence, the majority of
HC evaluations presented in the literature are based on steady-state analyses. HC can alter
depending on the reference parameter, network conditions, topology, location, and PV
deployment scenario. HC is, therefore, not a unique value, and it greatly depends on the
appropriate selection of the mentioned performance indices and their limits [10]. According
to [11], some of the notable challenges for remote PV-diesel electricity networks include
maintaining supply quality, legacy infrastructure, spinning (i.e., operating) reserve policy,
etc. With an increased share of PV, various switching operations play influential roles in
the network [12]. Studies in [13] show that operation may become unstable with diesel
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generators turned off in a diesel-PV based microgrid. Ismael et al. also stated that HC
should be calculated regularly based on various performance indices such as voltage and
frequency variations, power quality, etc. [10]. In references [14-25], the energy systems are
designed and analyzed through various techno-economic studies. Calculating the HC gives
the assessment of PV capacity to be integrated into the grid without violating the grid code.
A few studies, including [26-28] identified the necessity of considering critical technical
scenarios along with the investigation of the economic feasibility of industry operations.
However, to the best of the authors” knowledge, the existing literature did not carry out
detailed studies taking the issues of varying operation scenarios under system disturbances.
The comparison between this work and other similar works is given in Table 1.

Table 1. Comparison between this work with other similar studies.

System Robustness

Reference No Grid Connectivity Energy System HC Analysis Check Optimization
Diesel, PV + Diesel, PV + Diesel + Battery,
. . Wind + Diesel, Wind + Diesel + Battery,
[14] Off-grid Diesel + Battery, PV + Wind + Diesel,y No No Yes
PV + Wind + Diesel + Battery
. PV + Diesel + Battery, PV + Wind + Diesel + Battery,

(5] Off-grid PV + Battery, Wind + Diesel + Battery, Diesel No No Yes
[16] Off-grid PV, PV + Battery No No No
[17] Off-grid PV No No No
[18] Off-grid PV, Wind, PV + Wind No No Yes
[19] Off-grid PV No No Yes
[20] On-grid and off-grid Grid + PV, PV + Battery No No Yes
[21] On-grid and off-grid Grid + PV, Grid + PV + Battery, PV + Battery No No Yes
[22] On-grid PV No No Yes
[23] On-grid Grid + PV + Wind + Battery Yes No Yes
[24] On-grid Grid + PV Yes No No
[25] On-grid Grid + PV, Grid + Wind, Grid + PV + Wind No No Yes

This paper Off-grid Diesel + PV + Battery Yes Yes Yes

This study showcases that HC determination using only static parameters is merely
a theoretical capacity, and this capacity has to be sacrificed under extreme operation
scenarios. A step by step methodology is thus proposed whereas battery energy storage
system (BESS) is integrated to stabilize the system dynamics and enhance the PV HC of
the system. Adopting this strategy evades the risk of sacrificing potential PV capacity. An
economic feasibility study followed by a literature evaluation with earlier studies shows
the eminence of the proposed method. The cautionary planning approach proposed in
this work is expected to be helpful in the future development of PV integrated industries
operating in the off-grid mode in remote areas. The proposed methodology is globally
applicable; however, the simulation and the method’s efficacy have been validated using an
RMG factory grid information from Bangladesh. Due to network information intellectual
property issues, data scaling has been employed wherever necessary.

The core novelty and contribution offered in this study can be summarized as follows:

e  Developing a methodological approach for evaluating the PV hosting capacity for an
industrial microgrid considering operational issues

e  Validating the method by assessing the robustness against significant disturbances in
an industrial microgrid

e  Evaluating the techno-economic feasibility of high penetration of PV scenarios for a
test case scenario (industrial microgrid)

e  Demonstrating a systematic pathway to introduce sustainable energy technologies for
ready-made garment industries to address the requirements for a green factory, which
would, in the long run, attract more buyers and investors

e To the best of the authors” knowledge, this methodological approach is one of its
kind, found in the literature regarding the hybridization of the unique electrical
power system network of the ready-made garment industry in a developing country
like Bangladesh

The article is organized as follows: Section 2 discusses the concept of HC of PV systems
in the grid and presents the issues of an industrial microgrid that need particular attention
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while determining the HC. Section 2 also presents the step-wise methodology to determine
the ultimate HC of a microgrid. Results and discussions are presented in Section 3, and
Section 4 draws conclusions highlighting the findings.

2. Materials and Methods
2.1. Solar PV Hosting: Performance Indices and Challenges in Remote Industrial Microgrids

Uncertainties in solar PV generation impose challenges on the control of a microgrid
(MG). Due to the intermittent nature of solar PV and wind, different issues such as voltage
flicker and voltage fluctuations occur in an MG. Poor connectivity with the grid in a remote
power system raises several technical issues, including voltage drops, low power quality,
and high line losses. These issues make the MG less economically feasible in remote areas
for grid-connected operations [29]. Due to different characteristics and types of loads and
PV uncertainties, a remote MG’s key challenges are maintaining the voltage and frequency
within a permissible range. The PV HC of a network gives an indication of the allowed
level of total PV systems’ capacity in the network. The technical issues that are considered
by PV HC calculation are based on the static and dynamic system performance [12].

The key components of the industrial microgrid considered in this work are portrayed
in Figure 1. BESS has been used increasingly along with solar PV in an MG due to its
ability to facilitate the MG to operate in the off-grid mode by providing synthetic inertia. In
addition to that, BESS is also helpful in a power system to smooth the supply and demand
differences, which is hampered by the intermittent nature of solar PV or fluctuation of
loads [30]. The application of BESS has also demonstrated superior system performance in
terms of restoring a system during post fault scenarios. Thus, BESS has become a proven
technology to enhance system resiliency. However, regarding the integration and operation
of BESS in microgrids, consideration of economic factors play a critical role in determining
the system configuration and levelized cost of energy (LCOE) [31]. Hence, economic
analysis of the whole procedure is recommended to investigate the techno-economic
feasibility of a microgrid consisting of PV-BESS systems [32].
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Figure 1. Schematic diagram of the major components of the industrial system.

As mentioned earlier, the HC of PV system for a specific power system can be defined
as the amount of PV generation capacity (usually for distributed generation) integrated into
the power system, above which the system’s operating conditions are violated [10,33-35].
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The HC of PV in a network can be determined by an iterative method considering the system
power factor, voltage regulation and equipment loading [33]. HC of the respective network
also depends on the characteristics of the network, load and generation stream [36]. Remote
networks have lower estimated HC values than urban networks due to the topological
and electrical characteristics of the weak network and voltage rise difficulties at the end
of lengthy feeders [37]. An extensive literature review reveals a few standard criteria for
determining the HC, based on analyzing the overvoltage, thermal overloading, electrical
power loss, power quality and protection problems [10]. Some of these static performance
issues are briefly described as follows:

(1) Voltage limits violations

The major voltage issues due to a high PV penetration include overvoltage at the end
of the feeder, flicker, voltage sag and swell. Among these, overvoltage is the dominant
issue. Fatima et al. have discussed five commonly used voltage standards such as the Euro-
pean standard (+10% of nominal voltage, Vi), German standard (+3% of Vy), American
standard (£5% of Vy), Australian standard (—6%/+10% of Vi) and Canadian standard
(£6% of V) [37]. Increasing PV penetration without proper technical estimation violates
the overvoltage range in the respective network, and thus, an upper limit on the aggregated
PV capacity is required. Another issue is flickering, which originates due to the excessive
amount of renewables in the system and propagates to the distribution feeder [38]. The
variability characteristics of PV output and lack of system inertia due to high PV penetration
in an MG leads to frequent flickering, voltage sag and swell problems [39].

(2) Ampacity and thermal limits

The current capacity of cables and transformers impose a limit in integrating a higher
amount of PV. Several countries and regions have different overload limits to incorporate
PVs in an industrial MG. Fatima et al. have discussed several overload limits for transform-
ers and cables, including 85%, 100%, 150% and 187.5% of nominal values across different
countries [37].

(3) Unbalance

The negative sequence unbalance is another challenge while integrating more PV
generation in an MG. The limit of this unbalance is being set to 2% by IES standards [37],
and [37] have addressed different negative sequence unbalance limits such as 1%, 1.3%, 2%
and 3% of Vy [37].

(4) Harmonics

The authors in [40] investigated a rural low voltage residential distribution network for
maximal PV penetration using harmonics as a limiting factor. The operation of a renewable
integrated MG is adversely affected by harmonics generated by power electronics converter
interfaced with solar PV. Harmonics are also generated due to the non-linearity of loads in
an MG. The operators must limit these harmonics by limiting the third harmonic distortion
(THD) to ensure power quality. Several studies have taken maximum THD as 6.1% and 5%.
Harmonics reduces energy transfer capability as well as increases system loss [37].

The indices discussed above primarily play a significant role in determining solar
PV hosting capacity in a large network as well as in microgrids strongly connected to
a grid. In large power systems, a large number of conventional generators take part in
primary control with sufficient droop characteristics. This strategy mitigates any sudden
imbalance between load and generation and keeps the frequency within the permissible
range. When an MG is strongly connected to the grid, it gets high inertia support to
mitigate any frequency issue caused by sudden disturbances such as faults, large load or
generation change. However, the inertia support is insufficient in off-grid operation due
to small-sized conventional generators, and the high shares of power electronic converter
interfaced PVs. As a result, sudden frequency issues due to any disturbance are hard to
mitigate. This eventually causes cascading failure and tripping of DGs according to various
interconnection policies in practice across utilities [41].
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In the off-grid operation of industrial MG, motor starting events may lead to generator
swing [42]. Reference [43] have analyzed the effect of motor starting in a weak grid
having a mix of conventional and inverter-based generation. The large currents caused
by the starting motors may easily exceed the current limit of inverter-based generation.
Large disturbance scenarios, i.e., faults or loss of generation or significant load increment,
may cause a severe impact on MG operations [44]. Hence, wide integration of solar PV
(unlimited HC) might not always ensure grid-compatible operation, especially under post-
fault conditions. The next section presents a methodological development of a unique
approach that showcases the limitations of theoretical HC under post-fault scenarios and
proposes the enhancement of HC of PV system with integration of BESS.

2.2. Proposed Methodology Considering Techno-Economic Issues

The proposed methodology finds out technically feasible HC of solar PV in an indus-
trial microgrid through two principal steps.

Step 1: Evaluate HC of test system considering static operational issues and find its
robustness against significant disturbances

Step 2: Overcoming technical obstacles to reach target HC

These two steps are followed by a feasibility study to assess the economic validity of
the newly determined HC. A necessary flowchart to understand the methodology is shown
in Figure 2. The steps can be described as follows:

Start
( ) ______________________________ |

A 4

Choose static operational issues
for HC calculation with their

Place a BESS to enhance PV
hosting capacity

limits

v

Increase v

Run HC calculation algorithm in
order to find maximum HC with
these static limits
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_| Increase PV size step by step to

the targeted value

v

Place PV at the maximum HC

A 4
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Perform economic analysis
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Figure 2. Flowchart of the methodology to incorporate maximum PV in an industrial MG with
fault tolerance.
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2.2.1. Step 1: Evaluate HC of Test System Considering Static Operational Issues and Find
Its Robustness against Significant Disturbances

There are various ways to determine the HC of the PV system in a network mentioned
earlier in Section 2.1. There are different criteria, on which the HC calculation is based, such
as voltage and frequency variations, overvoltage, thermal overloading, electrical power
loss, power quality and protection problems. The first step of this methodology is to find
out the HC of PV of this industrial MG considering some static criteria and then find the
system’s robustness against a significant disturbance in the presence of PV. Calculation
of PV HC is an iterative method that is based on the binomial search method [45]. The
algorithm continues until convergence is obtained without violations within the maximum
number of iterations. This value can be said to be the maximum HC for that bus in the
system. After getting the maximum HC value for one bus, the maximum HC for the rest
of the buses in the system is obtained by the same algorithm. The bus with maximum PV
HC will be sorted after completing the above process. With this analysis, it will be easier
to decide the location and the maximum allowable size of PV that does not violate the
considered criteria. To calculate the PV HC, the formulations are given below:

Objective function : Maximize, Ppy; €))
Subject to, P; = ZZ=1|V1‘ ‘Vk| (G,’kCOSQ,’k + Biksinﬂik) 2)
Constraints : V,,;;;, < V; < Viyax 3)

ik < Ligmax 4)

where,

Ppy; = Active power injection by solar PV at bus i

P; = Total active power of bus i

G = line conductance between bus i and bus k.

Bji = line susceptance between bus i and bus k.

Vinin = Lower voltage magnitude boundary of bus i

V; = Voltage magnitude of bus i

Vinax = Upper voltage magnitude boundary of bus i

I;; = Line current between bus i and bus k

Limar = Maximum allowable line current between bus i and bus k (thermal constraint)

Now to observe whether this sizing is technically robust or not, a system disturbance
is introduced. In this study, a 3-phase short circuit fault is placed at the bus having the
maximum load with successive clearance after 0.2 s. If the system can withstand the
fault, i.e., the post fault voltage and current are within the allowable limit set by IEEE
std. 1547-2018 [46], it only can be said that the system is technically robust; otherwise, not.
Details of the regulations stated in IEEE std. 1547-2018 have been listed in the section:
Grid Rules:. If the system fails to maintain post fault voltage and frequency within the
permissible range, the size of PV is reduced gradually until the system is capable of
maintaining allowable post fault voltage and frequency. This reduced size of PV is called
the uncontrolled HC (achieved HC without the support of BESS) for this system.

2.2.2. Step 2: Overcoming Technical Obstacles to Reach Target HC

To further increase the share of PV in the system, a BESS is introduced. Now, the
system goes through a resiliency test. If the post fault voltage and frequency stay within
the permissible limit (according to IEEE std. 1547-2018), more PV generation is injected
until the system fails to stay within the allowable post fault voltage and frequency barrier
when the fault condition is simulated in the system during the resiliency test. Then the size
of BESS is increased to incorporate more PV in the system until the PV size reaches the
maximum (with the support of BESS).
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Grid Rules:

The interconnection policy plays an important role in MG operation and control.
According to IEEE std. 1547-2018, any distributed generation (DG), or PV systems in
this study are subjected to mandatory tripping in case of any voltage and frequency
deviation from its nominal values after a specific ride through time [46]. The mandatory
trip setting due to voltage and frequency violations are given in Table 2. The ranges of
allowable settings given in the tables do not require the DG to ride through this magnitude
and duration of voltage and frequency. The local DG operators can set the voltage and
frequency threshold with a specific clearing time for DG tripping due to abnormal voltage
and frequency within the specified limits. It can be seen that the continuous operational
voltage range is 0.88 p.u. <V < 1.10 p.u. and the continuous operational frequency range
is0.975 p.u. <f<1.02p.u.

Table 2. DER Response (shall trip) to Abnormal Voltages and Frequencies.

Default Setting Range of Allowable Settings
Shall Trip Voltage . . Voltage . .
Function (p.u. of Nominal Voltage) Clearing Time (s) (p.u. of Nominal Voltage) Clearing Time (s)
Over voltage, OV2 1.20 0.16 fixed at 1.20 fixed at 0.16
Over voltage, OV1 1.10 2.0 1.10-1.20 1.0-13.0
Under voltage, UV1 0.70 2.0 0.0-0.88 2.0-21.0
Under voltage, UV2 0.45 0.16 0.0-0.50 0.16-2.0
Frequency s Frequency s
Clearing time (s Clearing time (s
(p-w) g (s) (p-u) g (s)
Over frequency, OF2 1.033 0.16 1.03-1.1 0.16-1000.0
Over frequency, OF1 1.02 300.0 1.017-1.1 180.0-1000.0
Under frequency, UF1 0.975 300.0 0.833-0.983 180.0-1000
Under frequency, UF2 0.942 0.16 0.833-0.95 0.16-1000

2.3. Evaluating Economic Feasibility of Proposed HC

Following the completion of the technical study, the techno-economic analysis is per-
formed to assess the economic feasibility of the technical solution proposed in the flowchart
of Figure 2. The techno-economic analysis takes into account the initial investment of
the system, generators, PV and BESS plants; their operational and maintenance cost; fuel
supply cost, etc. Among all feasible technical solutions obtained in steps 1 and 2, the one
with the lowest levelized cost of energy (LCOE) may be designated as the PV’s techno
economically viable HC.

The first part of the analysis optimizes the size of system components, such as PV
systems, batteries and inverters. As PV-battery systems are integrated into the reference
case, the system economic dispatch can be formulated as:

Objective Functions: Minimize [OMC (Pg;, PV;, BESS, OR)] (5)
Minimize [F(Pg;)] 6)
Minimize [Excess Electricity] and )
Maximize Y} PV; )
Subject to constraints:

L(t) =OR (t) + P(t) )

M N
Y Poi+) PV;+) BESS > L(t) (10)

i i
aL(t) + BPV; = OR(t) (11)
Pt < Py < Pt (12)

Pyt (t) > Py (13)
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SOC™n < SOC(t) < SOC™* (14)

tl,;;in > 30 min (15)

where,

OMC = combined operation and maintenance costs of conventional generators, PV systems,
battery bank and operating reserve;

F = fuel usage;

P¢; = power generation from the i-th conventional generator;

PV; = power generation from the i-th PV system;

OR = operating reserve;

P(t) = power generation capacity at any time ‘t’;

L(t) = load plus losses at any time ‘t’;

« = percentage of the load at any time ‘t’;

B = percentage of PV output at any time ‘t’;

M = total number of conventional generators;

N = total number of PV systems;

7 = minimum loading of the i-th conventional generator;

SOC = battery bank state of charge;

t pin = minimum runtime (minute) of the i-th conventional generator.

The “load following” controller has been deployed to address the economic dispatch
problem [47]. The least cost-optimal combination in both techniques allows dispatchable
sources to generate and fulfil load demand and reserve needs. The fixed and marginal costs
of dispatchable sources were considered while determining the cost.

3. Results
3.1. Test System

An RMG factory located in Gazipur, Bangladesh, has been chosen to validate the
methodology. The factory is a modern one having all the necessary machines for producing
RMG products for exports. Based on the collected feeder information and load consumption
data, the daily load profile is plotted in Figure 3 and is used for techno-economic analysis.
The daily peak load is 2656.46 kW, and the minimum load is 1402.52 kW. The factory runs
in three shifts per day that starts at 8.00 a.m. and ends at 8.00 p.m. Most machines such as
sewing machines, manual linking machines and iron tables run in between these hours.
From 1.00 p.m. to 2.00 p.m., the factory workers get a lunch break. The knitting machines
run 24 h a day continuously. Other essential appliances such as water treatment plants
and effluent treatment plants run six hours a day starting from 10.00 a.m. The washing
machines and dryers run eight hours a day starting from 8.00 a.m. Apart from these main
loads, some small loads such as ceiling fans and lights are ON for 24 h in different parts of
the factory. During the weekend, the significant loads are the knitting machines, along with
a few light and ceiling fan loads in use. The operation of knitting machines is supported
through four 250 kVA uninterruptable power supply (UPS) units so that during any power
interruption, the machines can operate continuously, until the problem is resolved within
the shortest possible time.

The power system in the factory is modelled as an industrial MG that operates in
off-grid mode. There is a provision to connect this industrial MG to the nearby centralized
grid. The loads with their maximum power consumption are given in Table 3 and the single
line diagram (SLD) is given in Figure 4. Most of the loads in this factory are induction
motors resulting in large reactive power consumption. The total system loss found from
simulation is 0.05 MW and 0.17 MVAR. The factory has three generators having a total
capacity of three MVA to supply the loads during off-grid operation. The control modes
of the generators are voltage-Q droop control. The description of the machines inside
this facility has been collected by field inspection and then modelled following available
dynamic models given in [48].
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Figure 3. Daily load profile of the system.
Table 3. Loads in the RMG factory.
. . Maximum Power Number of .
Serial No. Machine Type Per Unit (kW) Units Bus Location
1 Auto knitting machine 1.28 656 DB-3F
2 Sewing machine 0.2 177 DB-1F, DB-2F
3 Manual linking 0.55 566 DB-1F, DB-2F
machine
4 Iron table 0.7 98 DB-1F, DB-2F
5 Washing machine 4 6 DB-GF
6 Water treatment plant 1 5 DB-WTP
7 Effluent treatment 15 5 DB-ETP
plant
8 Blower 75 1 DB-BOILER
9 Dryer 1 25 25 DB-DRYER
10 Dryer 2 5.2 12 DB-GF
11 Compressor 1 145 1 DB-CHILLER
12 Compressor 2 75 1 DB-CHILLER
13 Compressor 3 40 2 DB-DRYER
14 Panel machine 0.37 10 DB-GF
15 Fan coil unit 1 17 6 DB-3F
I DB-GF, DB-1F, DB-3F,
16 Fan coil unit 2 0.7 34 DB-4F
17 Fan coil unit 3 7 1 DB-2F
DB-DRYER, DB-GF,
18 Exhaust fan 1 0.4 45 DB-1F, DB-2F, DB-3F
19 Exhaust fan 2 1.1 18 DB-GEF, DB-1F, DB-2F
20 Celling fan 0.075 361 DB-GF, DB-1F, DB-2F
. . . DB-G.ROOM,
21 Air handling unit 5 2 DB-EMERGENCY
22 Cooling tower fan 4 5 DB-CHILLER
23 Lift 22 2 DB-4F
24 Pump 1 22 1 DB-4F
25 Pump 2 10 2 DB-PUMP
26 Pump 3 174 1 DB-FIRE PANEL
27 Pump 4 4 3 DB-PUMP
28 Cooling water pump 10 10 DB-CHILLER
29 Motor 1 22 1 DB-3F
30 Motor 2 1.1 3 DB-GF
31 Total composite load 370.36 _ _

(lights and others)
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Figure 4. Power system single line diagram of the microgrid for RMG factory.
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3.2. Simulation Results

To simulate the methodologies outlined in Section 2.2, tools used include DIgSILENT
Power Factory 2020 for technical analysis and HOMER PRO for techno-economic analysis.

3.2.1. Step 1: Evaluate HC of Test System Considering Static Operational Issues and Find
Its Robustness against Significant Disturbances

Once the system has been modelled in DIgSILENT Power Factory 2020 using data
obtained from field inspection, the first step is to find the HC of different buses in the
system. The bus that can host the maximum PV generation is identified as the location for
future power injection from PV generators. The crucial criteria considered for calculating
the HC are—the thermal limits, voltage limits, protection limits and short-circuit limits.
The thermal limit was set for each component (lines, bus bars) to 100% loading. The voltage
limit is set according to IEEE 1547-2018. The protection limit is set to take into account all
necessary protection measures such as reverse power flow, relay tripping and total fault
contribution (10% max). The short-circuit contribution limit was set by setting the fault
clearing time to 0.2 s.

The busbar (bb) numbers, with their corresponding HC values, are presented in Table 4.
Table 4 indicates that the 415 V bus has the maximum PV HC value of 5572 kW. Hence, PV
generators can be planned to place at the 415 V terminal (see Figure 4).

Table 4. PV HC of different buses in the system.

11 kV 415V bb2_ bb5_
Bus No Terminal Terminal bb1_WTP DRYER bb3_PUMP bb4_ETP BOILER bb6_CHILLER
PV HC (kW) 2810 5572 200 527 224 222 261 1077
bb7_Fire
Bus No panel bb8_G.room bb9_Emergency bb10_GF bb11_1F bb12_2F bb13_3F bb14_4F
PV HC (kW) 196 201 201 5508 4613 4053 3397 389

According to the HC analysis, the maximum PV HC value in the system under
the static conditions given above is 5572 kW. However, the spatial area of the RMG fac-
tory for installing the distributed solar PV panels around the rooftops of the buildings
and free space on the ground is limited. From the visual observations and consider-
ing the factor of 1000 kW capacity solar arrays may require around three hectares (i.e.,
7.41 acres /30,000 square meters) of space, it is estimated that combined installation area
in the specific RMG factory would accommodate about 2500 kW capacity of PV arrays.
Therefore, the power system’s area-constrained PV HC is set at 2500 kW, which is assigned
as the target HC value. Now, to initiate further analysis, at the 415 V terminal, a PV system
with a minimum size of 550 kW is deployed. In this step, the minimum size of the PV is
taken as 550 kW as the off-grid MG is designed to have the solar PV output as much as
possible, and with this, 550 kW of PV, along with the three generators, can meet the peak
demand. To test the system dynamics, a time-domain RMS/EMT simulation has been
executed for a time span of 20 s. In the simulation study, after the system is initialized
at zero second, a disturbance (three phase fault) at the maximum load bus (bb14 3F) is
initiated at five seconds, which is cleared at 5.2 s. In the presence of newly added PV, the
system is deemed to be resilient if the post fault voltage and frequency remain within the
IEEE std.1547-2018 allowed range.

After that, the size of the PV is steadily raised, with the post-fault voltage and fre-
quency being measured each time. Figure 5 shows that when the PV capacity exceeds
1125 kW, the post-fault voltage and frequency exceed the permitted limits. As a conse-
quence, the PV system is disconnected from the system since the PV controller is designed
in such a manner that it can trip off the PV system in the event of a voltage or frequency
threshold violation, according to IEEE standard. 1547-2018. As a result, the 1125 kW PV in
this system can not sustain, and the rating of the PV system must be reduced. Lowering the
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PV system to a rating of 1124 kW results in grid compatible post-fault voltage and frequency
recovery, and hence can continue operation without tripping, as shown in Figure 6. As a
result, the uncontrolled HC of this system may be determined as 1124 kW of PV, which
keeps the system fault-resistant.
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Figure 5. 415 V Terminal voltage (top left), system frequency (bottom left), PV Active power while
PV size is at 1125 kW (top right) and active power of generators observed in step 1 (bottom right).

3.2.2. Step 2: Overcoming Technical Obstacles to Reach Target HC with BESS

To overcome the technical obstacles and reach the target HC of 2500 kW, a BESS is
placed at the same bus of the PV system. As shown in Figure 7, 1125 kW of PV, which failed
previously to support satisfactory operation, can sustain acceptable post-fault voltage and
frequency by integrating 1.0 kVA of BESS. This indicates that placing a BESS can improve
PV HC in terms of post-fault voltage and frequency. Now, PV and BESS size is increased
step by step to reach the target PV HC.

When the PV size is gradually increased up to the target HC, i.e., 2500 kW, from
Figure 8, it can be seen that the system can withstand the fault with 1237 kVA of BESS.
Therefore, it can be said that the enhanced HC in the presence of 1237 kVA BESS is 2500 kW.
More PV can be integrated with the increasing size of BESS if installation area expansion is
possible in future. Zero shows the relationship between BESS size and managed HC of PV.
From Figure 9, it is evident that the enhanced HC of PV increases with the increment of
BESS size.
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Figure 7. 415 V Terminal voltage (top left), PV Active power while the PV size is 1125 kW (top right),
system frequency (mid left), Generator active power (mid right) and BESS active power (bottom left)
and reactive power (bottom right) while the BESS size is 1.0 kVA in step 2.
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Figure 8. 415 V Terminal voltage (top left), PV Active power while the PV size is 2500 kW (top right),
system frequency (mid left), Generator active power (mid right) and BESS active power (bottom left)
and reactive power (bottom right) while the BESS size is 1237 kVA in step 2.



Sustainability 2022, 14, 8921 16 of 23
3000
o2 BB
D ©
g 887887
m¢gﬁ‘<‘?§~~“‘
2500 on“._.omr?')m“‘N
HNmNmN
A~ 8 d«
0 N o N
<+ © o N
(2]
o o O N
s 32
2000 w 3R 3
- N
N 0 O
N N Do
—_— N O N -
2 s 233
= 1500 o K8 =
> TARRC R
a —
-
1000
500
0
NSNO O O LD DN DNANDOONL
SLLFLLLLELLLLELL LS P LL L TP PSP

BESS (kVA)

Figure 9. Enchanced HC with different sizes of BESS.

3.2.3. Economic Feasibility Study of HC Considering Techno-Economic Issues

HOMER Pro 3.14.4 is used to conduct the system optimization study and techno-
economic analysis of the system. The schematic diagram of the energy system is presented
in Figure 10. The drive of the techno-economic analysis is to realize if incorporating PV and
BESS into the base system addressing the system technical constraints offers any financial
benefits. Integrating renewables into either diesel-based or primarily grid-connected base
power systems incurs a high initial cost. The energy storage system installation and
maintenance costs also impact the levelized energy cost. However, integrating renewable
energy resources incurs no fuel cost and a low operational and maintenance cost; and the
life span of renewable energy systems is much longer. Taking these factors into account, a
long-term computer-aided techno-economic analysis can indicate if installing PV-storage
systems reduces the levelized cost of energy (LCOE). In this analysis, different system
configurations are simulated during the optimization process to find the best system
configuration satisfying the technical constraints at the lowest life-cycle cost. Recent cost
information from the local market and relevant other information for the techno-economic
analysis are provided in Table 5.

SCHEMATIC SCHEMATIC

AC DC :- . . AC DC
1MWGen1 | Electric Load PV — 1MWGen1 | Electric Load PV
= =
F y A= g
37992.00 kWh/d 37992.00 kWh/d
2656.46 KW peak 2656.46 kW peak
IMWGen 2 Converter TMWGen 2 Converter Li-lon BESS
l 1 g l 1 ’ @_'
IMWGen 3 TMWGen 3
sl o
H . —» H . —
— —

Figure 10. Schematic diagram of the energy system.
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Table 5. Data for Techno-Economic Analysis.

DieselGenerator Solar PV Battery
System Parameter Value/Information System Parameter Value/Information System Parameter Value/Information
Number of Operating Generators 03 CapitalCost (BDT */kWp) 50,000.00 Technology Li-TonBatterybank
CapacityofldenticalGenerators (kW) 1000 ReplacementCost (BDT/kWp) 50,000.00 NominalCapacity (kWh/unit) 1.00
Operation
MinimumLoading Ratio (%) 25 andMaintenanceCost 5000.00 CapitalCost (BDT/unit) 3500.00
(BDT/ Year)
Minimum Run Time (Minute) 30 Lifetime (Years) 25.00 ReplacementCost (BDT /unit) 3500.00
Operation
CapitalCost (BDT/kW) 300,000.00 DeratingFactor (%) 90.00 andMaintenanceCost 0.00
(BDT/ Year)
ReplacementCost (BDT/kW) 300,000.00 Inverter MinimumState of Charge (%) 20.00
p s (bi-directionalandgrid-tied) & !
Operat“’“(gr]‘%l\fﬁggf;‘ancec"St 10.000 CapitalCost (BDT/kW) 45,000.00 Minimum storage life (Years) 2.00
LifetimeRunninghours 15,000.00 ReplacementCost (BDT/kW) 45,000.00
Operation
Diesel Price(BDT/Litre) 65 andMaintenanceCost 0.0
(BDT/ Year)
Efficiency (%) 98.00
Lifetime (Years) 15.00
Project Information
ExpectedInflationRate (%) 6.70 ExpectedNominal 7.00 ProjectLifetime (Years) 20.00

DiscountRate (%)

* Conversion rate: 1 BDT = 0.012 USD.

Enhanced BESS size allows the system to incorporate an enhanced PV generation
while maintaining system robustness (as seen in step 2). The LCOE with different BESS
sizes and corresponding maximum PV sizes are brought together and plotted in Figure 11
to understand better the economic scenarios where each scenario is fault-tolerant. Without
the support from BESS, the power system not only faces resiliency (fault tolerance) issues
but also has the highest LCOE for all the entries in the long term simulation. It appears
that when the BESS size is increased, the LCOE should shoot as well. However, the
study outcome has demonstrated in Figure 11 that increasing BESS size reduces the LCOE
primarily due to the enhancement in the hosting capacity of PV in the system.
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Figure 11. LCOE for different PV sizes with different BESS sizes.

Even if the change in LCOE from one situation to the next is not substantial, different
configuration sets have different operating costs. From Figure 11, it can be observed that
the highest LCOE (BDT 15.93/kWh) is reached with 1124 kW PV and no BESS. On the
other hand, the lowest COE (BDT 14.60/kWh) is achieved with 2500 kW PV and 1237 kVA
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BESS in the conceivable scenario. Another potential scenario exists where the LCOE is BDT
15.03/kWh for having 2021 kW of PV and 700 kVA of BESS. Table 6 provides a comparison
of these three possibilities. In contrast to the highest LCOE scenario, the yearly operating
cost is lowered by BDT 18 million, equal to around USD 212,000 (1 BDT = 0.012 USD)
per year in the lowest LCOE scenario. The resultant LCOE found in the study offers a
promising outcome as another study conducted in 2021 by Islam et al., for an off-grid
community in Bangladesh revealed that the LCOE for the 331 kW annual peak demand is
BDT 21.39 per kW for a hybrid diesel-PV-Hydrogen-battery-based microgrid [38].

Table 6. Comparison between scenarios with lowest and highest COEs.

Operating Cost Operating Cost PV
PVOW G0 BDTAWN  (USDAWR) (Million (Million Praction (%) (Uyn. | Froduction
BDT/yr) USD/yr) action o y (KWh/yr)
1124 0 15.93 0.1875 216 2.54 11.8 3,228,698 1,693,984
2021 700 15.03 0.1769 200 2.35 20.6 2,910,531 3,045,856
2500 1237 14.60 0.1719 192 2.26 24.8 2,759,028 3,767,759

Figures 12 and 13 present the results of the optimization surface plot. These illus-
trations present a concrete relation among PV capacity, battery capacity, fuel usage, CO,
emission and the renewable share in the system design. It can be observed that the diesel
usage abruptly drops when the system is integrated with more than 1000 kW capacity of
the PV system. Up to 1000 kW of PV capacity, diesel has been the primary source of supply
as PV capacity was small. Due to the PV output variability, operating reserve limits and
the diesel engine’s technical constraints (minimum run time and minimum loading), diesel
generators had to be kept ON for the maximum time. Consequently, fuel consumption did
not decrease much. When more and more PV got installed beyond 1000 kW, the engine
technical issues did not hit the barrier limits due to more PV output in the system. Thus,
the system dynamics and dispatch algorithm allowed the PV to overtake the diesel gener-
ators as the primary supply source during the sunshine hours. So, the more the PV and
battery capacity are integrated, the more the amount of diesel consumption dropped and
consequentially, the COE improved. These situations can be observed in Figure 12. In this
figure, a different color denotes a different amount of diesel consumption in liters.

3,700,000
1,237.00 3,630,000
2,350,000
2,450,000
S83.60-9 3,420,000
3,350,000
3,280,000
742,20 3,210,000
3,140,000
3,070,000
3,000,000

Li-lon BESS: Strings

1,000.00 1,500.00 2,000.00 2,500.00

PV: Size (kW)

Figure 12. Optimization surface plot with total fuel and COE superimposed.

Similarly, when more PV and battery capacity are integrated, the amount of CO,
emission decreases. Along with Figure 12, from Figure 13, we can also observe that when
the PV capacity goes above 1000 kW, the emission of CO; starts decreasing abruptly. As the
renewable fraction/share (PV hosting capacity) increased, significant emissions decreased
as diesel consumption decreased. These two figures validate the basic understanding of
the research conducted.
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Figure 13. Optimization surface plot with CO, emission and renewable fraction superimposed.

A comparison is given in Table 7 for a better understanding of the contribution of
this work with other similar techno-economic analyses presented in the literature. Other
than the references [20-25], most of the sites of the studies chosen are identical to the
present study, i.e., are in the off-grid areas. It can also be seen that none of the studies
have checked the system robustness, i.e., fault tolerance as a limiting factor for the PV
hosting capacity determination. Some studies given in Table 7 show lower LCOE than the
COE obtained in this study as the optimization algorithm used in those studies addressed
different objective functions and more relaxed system constraints, such as flexible PV and
BESS sizing. The straightforward comparison of the LCOEs obtained in different studies
can not be considered as the decisive parameter for judging the design excellence of systems.
As the economic parameters of any system are very much case and location-specific, it
would be unwise to compare the LCOEs of different systems for different countries having
a different market structures. Hence, based on the authors’ expertise of the local market
and socio-economic condition, it can be stated that the LCOE obtained in this study is a
reasonable one for the intended customer, which is remote industries.

Table 7. Comparison between this work with other similar studies.

Grid HC System Lowest Levelized
Reference No Connectivit Energy System Analysis Robustness Optimization Cost of Energy
¥ y Check (LCOE)
Diesel, PV + Diesel, PV + Diesel + Battery,
. Wind + Diesel, Wind + Diesel + Battery,
[14] Off-grid Diesel + Battery, PV + Wind + Diesel, No No Yes 0.246 USD/kWh
PV + Wind + Diesel + Battery
PV + Diesel + Battery,
[15] Off-grid PV + Wind + Diesel + Battery, PV + Battery, No No Yes 0.29 USD/kWh
Wind + Diesel + Battery, Diesel
[16] Off-grid PV, PV + Battery No No No 0.15 USD/kWh
[17] Off-grid PV No No No 0.045 USD/kWh
[18] Off-grid PV, Wind, PV + Wind No No Yes
[19] Off-grid PV No No Yes -
[20] Orgf%f;iznd Grid + PV, PV + Battery No No Yes 0.060 USD/kWh
[21] o‘:fgffigcr‘ignd Grid + PV, Grid + PV + Battery, PV + Battery No No Yes 0.0581 USD/kWh
[22] On-grid PV No No Yes 0.031 USD/kWh
[23] On-grid Grid + PV + Wind + Battery Yes No Yes -
[24] On-grid Grid + PV Yes No No -
[25] On-grid Grid + PV, Grid + Wind, Grid + PV + Wind No No Yes 0.0702 USD/kWh
This paper Off-grid Diesel + PV + Battery Yes Yes Yes 0.1719 USD/kWh

4. Conclusions

Solar PV systems are rising day by day, particularly in industrial microgrids, as a
result of their cost-effectiveness and environmental friendliness. As part of the commit-
ment to carbon-free emissions, various industries worldwide are ramping up their use
of green energy. PV hosting capacity evaluation is thus required for better integration
and performance of solar PV systems before integrating them into a power system. A
conventional theoretical hosting capacity mechanism cannot meet the necessity to provide
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system resilience against any disruption. Hence, this study proposed a unique method
and attempted in computing both the controlled and uncontrolled hosting capacity of PV
systems by introducing system disturbance in the means of electrical faults (three-phase
short circuits). A system techno-economic analysis has also been conducted along with the
technical study. The research realized that incorporating battery energy storage systems
(BESS) into the microgrid enhanced PV hosting capacity for the system. These unique
PV generation enhancement and systematic strategy studies have been applied for the
industrial electrical network in a ready-made garment (RMG) factory in Bangladesh, having
a distinctive demand pattern and space constraints to uptake a high PV generation facility.

The unique study conducted a detailed technical and long-term techno-economic
analysis and found that extending the size of the battery energy storage system not only
enhanced the PV hosting capacity in the industrial microgrid but also reduced the levelized
cost of energy. According to the study’s findings, integrating 2500 kW of PV along with a
1237 kVA battery bank incurs an energy cost of nearly USD 0.1719 per kWh for an off-grid
Bangladeshi RMG factory having a daily peak load of 2656.46 kW. Considering the local
socio-economic and geographical context and constraints, the revealed energy cost offers a
promising outcome.

The study has been able to successfully demonstrate that by taking the suitable
amount of PV-BESS systems to offset diesel consumption in a less reliable grid-connected
system, the industrial establishments, like RMG factories, would not only benefit from
the environmental and social advantages offered by the renewable energy-based systems
but also make a financial profit. This would not only help the RMG factories individually
but would also assist any country like Bangladesh in promoting the green RMG factories
to the world to attract more investment and, side-by-side, address one of the UN SDG
goals such as SDG7. Future studies would focus on analyzing system dynamics with
more complicated technical issues, which may disrupt system resiliency in the presence of
high PV penetration in an industrial microgrid operating in off-grid mode. The economic
viability of any improvement approach for preserving system resilience while boosting the
PV share will also be examined in future research.
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Abbreviations

Summary of the notations and symbols.
Notations/Symbols Meaning

SDG Sustainable development goals
RMG Ready-made garment
PV Photovoltaics
HC Hosting capacity
MG Microgrid
BESS Battery energy storage system
LCOE Levelized cost of energy
IES Illuminating engineering society
THD Third harmonic distortion
DG Distributed generation
DB Distribution board
bb Busbar
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