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Environmental, energy security and electricity demand concerns stimulate
solar-grid integration. However, intermittent, non-dispatchable PV
characteristics may challenge passive grid operation. This paper contains the
comprehensive planning and assessment of a 2 MWp CdTe-based PV system
deployment proposed for hybrid operation in an isolated 11 kV 10-bus
microgrid in Brunei. The presented approach combinedly assesses PV system
performance and scenario-based interconnection impacts based on a detailed
PV system model considering deployment conditions. Various
interconnection points with multiple sets of feeder-specific measured load
profiles are examined. Results show the PV system designed for maximum
annual generation achieves performance ratio of 90.6%. While time-series
power flow assessment reveals grid operation enhancement, there are
concerns at times of generation-demand mismatch requiring proper genset
sequencing and reactive power management. Meanwhile, faster relay
operating time and reverse fault current are demonstrated in existing
protection scheme. Dynamic grid stabilities are preserved in various
generation intermittency and loss events, including the most challenging
condition of further inertia and spinning reserve reduction reaching a
frequency of 96.02%. Finally, optimal interconnection point fulfilling multi-
objectives on losses, voltage profile and line reserve capacity is identified.
The findings indicate a good prospect of the synergy for advancing energy
transition. The analysis could facilitate RE planning and policymaking.
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1. INTRODUCTION

Climate change is a subject of broad interest as it concerns every single creature on Earth. Paris
Agreement was endorsed by most countries, including the Association of Southeast Asian Nations (ASEAN),
aiming to limit the world’s temperature rise for combating the threats of climate change [1]. ASEAN consists
of ten developing countries, namely: Brunei Darussalam (Brunei), Cambodia, Indonesia, Laos, Malaysia,
Myanmar, Philippines, Singapore, Thailand, and Vietnam. Nevertheless, the effort on carbon intensity
reduction shall be boosted to achieve the aim [2]. The global electricity generation is primarily relying on
non-renewable resources. Similarly, ASEAN is largely dependent on fossil fuels, resulting in electricity
sector emitting the most carbon dioxide in the region [3]. In Brunei, oil and gas dominate the electricity
generation mix at 99.95% [4]. Besides, fossil fuels are depleting rapidly. Brunei’s oil and gas reserve
estimation in [5] indicates the urgency of improving the sustainability of the energy future. Moreover, global
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electricity demand is mushrooming. Specifically, a 4% average annual increment is forecasted for Brunei [6].
Thereby, the approaching necessity for generation capacity expansion is foreseeable.

Within this context, the energy transition is taking place globally, intending to reshape the present
electricity generation landscape. Renewable energy (RE) system integration into the power system is
increasing in capacity and quantity. Notably, ASEAN is committed to achieving 23% RE by the year 2025
[7]. For Brunei, 10% RE in the electricity generation mix is targeted by the year 2035 [4]. Despite the
availability of various renewable resources in ASEAN, their exploitation is relatively minimal [8].
Understanding the benefits and characteristics of the RE system could encourage wider utilization. Solar
photovoltaic (PV) gains a wide interest universally, given its cost reduction and technological improvement.
It has emerged as a significant source in the generation landscape. Likewise, the demand for PV products is
increased in ASEAN [9]. The PV system is envisaged as a key RE system in the energy transition. The works
examining the benefits and economic feasibility of the PV system in the ASEAN context are developing in
recent years [10-15]. Further widespread of the PV system in ASEAN requires more research and
development [16].

The energy generation of the PV system is influenced by many variables ranging from climate,
installation to system components. A considerable number of studies have been undertaken aimed at
analyzing the variables. Bhakta and Mukherjee [17] evaluated the performances of a proposed PV system at
different geographical locations. Quansah et al. [18] performed an investigation with different PV cell
technologies and revealed their distinctive performances under a similar climate. Lu and Zhao [19] examined
the effect of PV panel tilt angle on dust accumulation and the impact on the generation. Yilmaz and Dincer
[20] studied the relationship between system generation and losses with inverter capacity. Kumar and
Sudhakar [21] analyzed the actual performance of a 10 MW PV system at Ramagundam, and interestingly, it
was found to be in close agreement with simulation results. As such, detailed information such as solar
resource is needed for appropriate system design and planning [22, 23]. Furthermore, a comprehensive PV
system model considering deployment conditions is essential for accurate performance assessment. It is
worth highlighting that dissimilar to the arid region, ASEAN shares a tropical climate with many clouds and
rains throughout the year, which greatly impacts the PV system operation. Hence, it is crucial to evaluate the
corresponding PV system performance for facilitating the understanding of prospective stakeholders and
better planning.

It should be emphasized that the PV system, unlike conventional generation sources, possesses
intermittent and non-dispatchable operating characteristics. Meanwhile, most existing grids are designed with
consideration of dispatchable generation sources only. Consequently, substantial PV system penetration may
disrupt the usual passive grid operation and pose challenges to the secure operation of the grid. The impacts
of solar-grid integration have emerged as an active research area of broad interests within academia and
industry. There have been extensive researches employing various models and scenarios in examining a
variety of grid parameters. Previous researches highlighted the benefits, such as better power quality [24],
peak demand shaving [25], and stability improvement [26, 27]. Kenneth and Folly [28] investigated steady-
state grid operation pertaining to hypothetical PV injection levels in a 16-bus grid. In the study, the time-
varying nature of generation and demand was not accounted. Hence, the grid behavior at other points in time
was uncertain. Meanwhile, Nadeem Khan et al. [29] argued the significance of considering the variations,
which is practiced in our present study. Baharin et al. [30] attempted simulating the impact of installing a 4
kWp PV system unequally at each phase of 55 load points in a typical IEEE European power grid. The
change in power flow direction and breaching of statutory voltage limit between 10:00 hour and 16:00 hour
were discovered. Based on the PV system generation specified from installation capacity and solar radiation
information, Tévar et al. [31] conducted a power flow study in the viewpoint of potential rooftop PV panels
integration in a Spanish power system. The negative impacts due to high PV penetration levels were reported,
whereby surpassing 20% of maximum possible capacity infringed voltage limit whereas above 30% caused
overloading and increased losses. Meanwhile, Hou et al. [32] simulated cases in a Swedish network wherein
each house is installed with a PV capacity equivalent to its peak demand or offsetting annual demand. The
PV system output was scaled proportionally from an existing small system. In contrast with [31], the study
revealed the initial technical challenge was a limit violation of line loading instead of voltage. Athari et al.
[33] performed a comparative study based on a modified 12.66 kV IEEE 69-bus grid and demonstrated the
relationship of PV system allocation with grid losses and limit violations. Kumar et al. [34] carried out an
optimization study focusing on achieving minimum losses and maximum voltage stability with optimal PV
system siting in a 33-bus grid.

Besides, Barsoum and Lee [35] executed a sensitivity study examining protective relay operation in
a hypothetical 10-bus power grid with the PV system under normal grid operating conditions. Another study
by de Marco et al. [36] investigated protection system operation during fault conditions in a small PV-
integrated network. Furthermore, Feilat et al. [37] and Kumar et al. [38] analyzed the impacts on dynamic
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grid security for Jordan and Kiribati, respectively. It is acknowledged from the literature that solar-grid
integration may bring about contrasting impacts on wide aspects of grid planning and operation. This
depends on the characteristics of PV system and grid such as time-varying generation and demand profiles,
components’ specifications and interconnection points, which are varied across different systems. It should
also be mentioned that each country adopts a specific grid code for compliance. In this regard, a detailed
technical interconnection assessment is imperative for reflecting realistic impacts.

From the literature review, there were no comprehensive studies undertaken focusing on examining
the interconnection impacts from different technical aspects accounting PV system and grid characteristics in
the Bruneian context. This paper seeks to contribute an in-depth analysis from the perspective of planning
and assessing a large-scale PV system deployment proposed for hybrid operation in a Bruneian microgrid.
Next, there is a lack of interconnection impact assessment in relation to actual load profiles and a detailed PV
system model with an understanding of the system performance. Our study presents an approach of creating a
linkage between PV system performance evaluation and interconnection impact assessment based upon a
detailed PV system model considering deployment conditions. It delivers more complete and representative
analysis and furnishes clear knowledge of the PV system design and specification yielding the outcomes
under the specific conditions. In most earlier works, electricity demand modeling either had not considered
multiple load profiles, hence neglecting variabilities described by other profiles or had not utilized measured
load profile respective to each point-of-interest or both. Our present study examines various interconnection
points incorporating multiple sets of feeder-specific real metered time-series load profiles. It enables realistic
projections of the grid operation with respect to demand variations and visualization of the extent and
frequency of operation state across load profiles. Moreover, a comparative study between interconnection
points at different feeders, demonstrating the precise effect of locational dependence of interconnection
impacts, could be rendered.

In this paper, a conjoint assessment is presented covering the performance of a 2 MWp cadmium
telluride (CdTe)-based PV system and scenario-based interconnection impacts in an isolated microgrid
considering normal and extreme conditions. The impacts are assessed from time-series power flow, short-
circuit and dynamic transient stability aspects. Additionally, the optimal PV system placement in the grid is
identified for loss minimization, voltage profile enhancement, and line reserve capacity improvement. An
accurate model of a real 11 kV 10-bus microgrid in Brunei is taken as the test system. The integration
challenges lie in the fact that the grid is a small stand-alone system without possible external interaction and
fully energized by conventional generation sources. The interconnection is envisioned to be pioneer
deployment for the microgrid and an integral part of Brunei’s energy transition. Insights on the PV system
performance and grid operation could facilitate RE planning and policymaking. The study is beneficial to
researchers, utilities and policymakers in preparing for the proliferation of grid-connected PV systems.

The remainder of this paper is organized as follows. In Section 2, the models and variables utilized
in the study, along with the approach are described. Section 3 contains the results and discussion on the
system performance and interconnection impacts, including the identification of the best PV system
placement in the grid. Finally, this paper concludes the findings with recommendations and future work.

2. METHODOLOGY AND MODELING

Given the background, the present study will commence by conducting a solar resource assessment
for benchmarking and characterizing the meteorological condition. Utilizing the data, the corresponding
hourly potential generation of the PV system designed will be computed, and the system performance will be
evaluated in terms of performance indices. The analysis will proceed with scenario-based modeling of the PV
system integration in the microgrid. Then, the impacts of the interconnection on the steady-state grid
parameters are assessed with respect to time-varying generation and demand. In the next step, the reliable and
secure operation of the PV-integrated grid is examined with regard to the protection scheme and dynamic
stability under various critical operating conditions and disturbance events. The study is followed by
determining the optimal PV system placement in the grid using a multi-objective performance index.

2.1. Meteorological condition

Solar resource potential provides a useful indication concerning the suitability of a location for PV
system deployment. In this study, Meteonorm software package is utilized in deriving meteorological data
including global horizontal irradiance (GHI), ambient temperature (Ta), precipitable water and air mass
pressure, up to one-hour temporal resolution for all days in a year. Meteonorm is a specialized meteorological
software package built upon well-developed calculation models with a database of long-term measurements
at weather stations, satellites, and aerosol climatology [39]. The solar irradiation and temperature
measurements are corresponding to the years 1991-2010 and 2000-2009, respectively. Based on Meteonorm,
the annual GHI of Brunei and other locations in ASEAN are presented in Table 1. The relative percentage
shows the annual GHI compared to the global benchmark represented by the Sonoran Desert in Arizona,
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United States [22]. From the comparison, it is noted that the annual GHI in ASEAN exhibits a promising pre-
condition for the deployment. Specifically, Brunei receives a higher amount of solar irradiation than other
ASEAN cities viz. Jakarta, Kuala Lumpur, Manila, Singapore, Bangkok, and Hanoi. Hence, it is
hypothesized that the PV system will work with desirable performance in Brunei.

The geographical coordinate of the site specified for the PV system deployment is 4.7°N and
115.1°E. Correspondingly, the annual total GHI and mean Ta are determined to be 1,816.6 kWh/m? and
27.4°C, respectively. Figure 1 illustrates the monthly variations of total GHI and mean Ta. The maximum
monthly GHI is 171.2 kwWh/m? in March whereas the minimum is 138.0 kWh/m? in February. Meanwhile,
the monthly mean Ta is the highest at 28.2°C in May while that of the lowest is 26.9°C in November. The
GHI and Ta are relatively consistent across the months, attributed to the site's proximity to the equator. As
such, the PV system generation is expected to be fairly stable with minimal variations throughout the year.

Table 1. Solar resource of the selected locations [39]
Annual GHI (KWh/m?) /

Annual GHI (Kwh/m?) /

Location Relative percentage (%) Location Relative percentage (%)
United States - Sonoran Desert 2,023.6 /100.0 Laos — Vientiane 1,824.2/90.1
Brunei — Bandar Seri 1,817.1/89.8 Malaysia — Kuala Lumpur 1,597.7/79.0
Begawan
Brunei — Tutong 1,816.6/89.8 Myanmar — Naypyidaw 1,848.8/91.4
Brunei — Belait 1,797.5/88.8 Philippines — Manila 1,648.3/81.5
Brunei — Bangar 1,816.7/89.8 Singapore — Singapore 1,629.8/80.5
Cambodia — Phnom Penh 1,904.4/94.1 Thailand — Bangkok 1,789.4/88.4
Indonesia — Jakarta 1,666.9/82.4 Vietnam — Hanoi 1,381.0/68.2
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Figure 1. Monthly total GHI and mean Ta

2.2. PV system

PVsyst software package is used in designing the PV system incorporating the various variables as
described in Subsection 2.2. Further, the hourly potential generation of the PV system under the
meteorological condition of the installation site is computed in PVsyst for 8,760 hours over a year. PVsyst is
an industrial-grade software package specializing in designing, sizing and analyzing a complete PV system
[40]. It allows working with the meteorological data from various channels such as Meteonorm and
customizing parameters to suit the requirements of each deployment. Here, the PV system model is
developed based on the basic system configuration in [41]. The resulting generation dataset of the PV system
from PVsyst will be utilized for performance evaluation and interconnection analysis.

The nominal PV system installation capacity is specified as 2 MWp. It represents a penetration ratio
of 32% relative to the peak demand in the grid. The system comprises of 17,390 units of CdTe PV panel,
arranged in 1,739 strings with ten series-connected panels. Table 2 displays the panel specification at the
standard test conditions (STC) of 1,000 W/m?, 25°C, and air mass of 1.5.

Table 2. Specification of PV panel [42]

Manufacturer First Solar Short-circuit current 1.83 A
Model FS-4115-3 Open-circuit voltage 87.6 V
Nominal power 115.0 W Current at maximum power 1.66 A
Tolerance -0.0%, +4.3% Voltage at maximum power 69.3V
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In PVsyst, Shockley's simple one-diode model is used for describing the panel operation. In order to
model the CdTe panel, recombination losses are introduced to the standard version of the one-diode model
[43]. Figure 2 depicts the modified one-diode model utilized in this study. Correspondingly, the current at
terminals of the panel (1) is formulated in Equation (1). It is determined by photocurrent (1), diode current
(Igioge), recombination losses (I-ecomp), @and current across resistance (I,). I,, is related to the solar
irradiance and cell temperature where they are the key variables in dictating the output. Under any condition,
the magnitude of L, is with respect to the reference values of irradiance and temperature. Meanwhile, /444
is influenced by the PV cell temperature. I...,m» reflects the leakage of current relating to I,,, and voltage, as
defined in Equation (2). The detailed formulation of other terms in Equation (1) can be found in [44].
Additionally, the parameters of exponential shunt resistance, voltage initial degradation, thermal parameters
and quality of the panel are specified in PVsyst to suit the manufacturer’s specification in [45].
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Figure 2. Modified one-diode model [43]

I = Iph — laiode recomb — Ir (l)

Irecomb = Iph X diz/[.u'[eff X [Vbi - (V + IRS)]] (2)

where di: thickness of intrinsic i-layer, ut,g,: effective diffusion length of charge carriers, Vp;:
intrinsic voltage of junction, V: panel voltage, I: panel current and R;: series resistance.

In practice, the PV panel may be installed at any orientation for achieving the objective defined by
the planner. It is related to the incidence angle (6;) between the panel and the sun, as given in Equation (3).
Here, the objective is to maximize the annual solar radiation capturing of the PV panels for a maximum
generation. The panels are designed as fixed orientation for lower system and operating expenditure. Since
the site is situated in Northern hemisphere, the panels are oriented due South for gaining maximum sun
exposure. It is recognized that the recommended minimum tilt angle for effective panel self-cleaning is 10°
[46]. Therefore, an exhaustive search for the optimal tilt angle was executed from 10°<f<90° in the step of
B=0.1°. Resultantly, the optimal orientation is identified to be £=10° and y=0°, which is specified for the
panels.

Since the panels are tilted, consideration is given to the reflection of solar radiation from the ground
onto the panels. An albedo factor is used to quantify ground surface reflectivity, and it varies according to the
surface material [47]. Here, it is specified as 0.20 for the installation on the surface covered with soil and
grasses. Next, in accounting the effect of spectral irradiance deviation from STC on the panel performance,
spectral correction factors are computed using Equation (4) [48]. The air mass and precipitable water content
derived from Meteonorm are utilized as input parameters, along with coefficient sets of the panels.
Resultantly, the monthly spectral correction factors are determined, ranging from a gain of 4.5% to 4.8%.

Shading on the PV panels could bring about considerable system performance degradation. It is
classified into (i) far shading due to surrounding obstructions such as tall building and (ii) near shading due to
near objects such as adjacent PV panel. Far shading is disregarded in this study, given the inexistence of
structure in the vicinity of the installation site. Near shading is accounted where it is corresponding to solar
irradiance loss on PV cells. Here, the cell strips of the panels are set to portrait orientation for minimizing
shading loss. The arrays are arranged recognizing the minimum inter-row panel spacing requirement (D)
for the solar productive period from 09:00 hour to 15:00 hour determined using Equation (5).

cosB; = sind sin g cosf — sind cos ¢ sin S cosy + cos § cos ¢ cos B cos w + (3)
cos d sin ¢ sin f cosy cos w + cos § sin f siny sin w

where §: solar declination angle, ¢: latitude, 8: tilt angle, y: azimuth angle, w: solar hour angle.
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M = b, + by - AMg + by * Pyar + b3 - vV AMg + by - v/ Pwat + bs - AMa/\/ Pwat 4)

where M: spectral correction factor, b,: 0.86273, b;: -0.038948, b,: -0.0125060, b5: 0.098871, b,:
0.084658, bs: -0.0042948, AM,,: absolute air mass and p,,4: precipitable water.

Dppin = (sin(B) X W /tan H) X cos 0, (5)

where W: panel width, H: sun height angle of no shading hours and 6,,: azimuth angle of no
shading hours.

The solar inverter is incorporated in the PV system for DC power conversion to AC power usable in
the grid. In this study, inverter selection is focused on SMA products, noting its industry-leading product
specification and global installation track record, in addition to business presence in neighboring countries.
In view of the PV system installation capacity, only string-type and centralized-type inverters are considered.
A comparison is made among three inverter models currently available in the market (String-type: Sunny
Tripower 60; Centralized-type: Sunny Central 500, Sunny Central 1000) in terms of their operating
performances in relation to time-varying generation of the PV panels. Sunny Central 1000 is selected as it is
deemed to incur least energy loss. Table 3 presents the specification of Sunny Central 1000. Given the
nominal capacity, two units of the inverter are required for the PV system. It is worth emphasizing that
Sunny Central 1000 may operate with a power factor (PF) at unity or from -0.9 to +0.9, depending on the
preference of grid operator. Here, the inverters' PF are set to 0.95 overexcitation mode for active and reactive
power export.

Table 3. Specification of the inverter [49]

Model SMA Sunny Central 1000 | MPP voltage range at 688-850 V
25°C

Maximum DC power (PF=1.0) 1,122 kW AC power at 25°C 1,100 kVA

Maximum input voltage 1,000 V Nominal AC voltage 405V

To assess the performance of the PV system, three standardized performance indices in conformity
with IEC EN 61724 viz. final yield (Y f), reference yield (Yr) and performance ratio (PR) are computed [50].
In the solar PV industry, these indices are utilized in conducting a direct comparison between the PV systems
of different designs, orientations, and installation locations. The first index, Y is the final system generation
(Eout,rinar) relative to the rated capacity of the PV arrays at STC (P4 ), as defined by the mathematical
expression in Equation (6). The resulting value is expressed either in kWh/kWp or hour. It also reflects the
duration the arrays are needed to operate at the rated output for obtaining the equivalent final generation.
Meanwhile, Yr evaluates solar resource availability for the PV system. It is computed as total in-plane solar
irradiance (Ggeruqr) divided by reference in-plane solar irradiance (G,.r), as formulated in Equation (7).
Theoretically, for the arrays operating at STC, 1 kWh/m? of solar irradiance results in the generation of 1
kWh/kWp. The third index, PR is the overall system efficiency corresponding to nominal installed power and
incident energy. It is defined in Equation (8) as the final yield (Y f) with respect to the reference yield (Yr).

Yf= Eaut,final/ F, array (6)

Y7 = Gaceuar/Gres ()

PR=Yf/Yr 8
2.3. Microgrid

The grid envisaged for the PV system integration in the present study is based on an isolated 11 kV
10-bus microgrid in Brunei. Figure 3 displays the simplified single line diagram of the grid.
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Figure 3. Simplified single line diagram of the grid

The grid is rated at 11 kV line-to-line voltage with diesel generator sets (gensets) as the sole
generation source. They are 10-pole, 50 Hz salient-pole synchronous machines represented by G1 to G4 in
Figure 3. G1 and G2 have the same rated capacity of 3.886 MVA whereas G3 and G4 are 3.754 MVA. Under
the normal operating conditions, three gensets are put in operation with the remaining on standby. The
generation is proportional among the gensets with the application of genset paralleling capability. Presently,
power flow in the grid is unidirectional, where the power is generated at the main generation station and
transferred to downstream loads. B1 is a generation bus, and it is specified as the slack bus. B2 to B4 are bus
sections of the network switchboard in supply substation. Meanwhile, B5 to B10 are load buses. The existing
grid protection scheme is constituted of the overcurrent protection system. It is modeled by utilizing the
combinations of overcurrent relay, current transformer and circuit breaker, resembling the actual
configuration in the grid.

Nine representative load profiles derived from long-term demand measurements, which are
observed by the utility for grid planning are considered. Figure 4 illustrates the hourly demand measurements
for M1 to M4 from 06:00 hour to 17:00 hour corresponding to each load profile normalized to the maximum
value. It can be noted that the demand variation is substantial across the load profiles. Load profiles A to D
represent the high demand period, whereas load profiles E to | reflect the low demand period. The demand is
usually higher in the afternoon, mainly due to increased usage of the cooling system.
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Figure 4. Normalized hourly electricity demands

2.4. Interconnection of the PV system

ETAP software package is employed for modeling and analyzing the grid in hybrid operation with
the PV system. ETAP is a well-recognized power system software package specializing in grid modeling,
analysis, and operation [51]. It is capable of executing a myriad of grid analytical studies within a single
platform, including power flow assessment, short-circuit analysis, dynamic transient stability analysis, and
real-time monitoring and simulation. Besides, it consists of an extensive component database and allows
component customization according to the user-defined parameter for matching the exact manufacturer’s
specification. The PV system is designed as an active and reactive power (P-Q) controlled source in ETAP,
based on the model in PVsyst. Noting the geographical limitation, the potential points for the PV system
interconnection are at B5, B7, and B8. Table 4 summarizes the scenarios of the interconnection considered in
this study.

Towards energy transition: conjoint assessment of large-scale PV system performance ...(Zen L. Chai et al)
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Table 4. Description of interconnection scenario
Scenario 1 2 3 4
Interconnection point Base case (existing grid) B5 B7 B8

2.5. PV system interconnection assessments

In the present study, the power flow algorithm utilizing the Newton-Raphson method is adopted for
computing the grid operating variables. It involves an iterative computation process based upon the
fundamental active and reactive power flow equations defined in Equations (9) and (10).

P; = Yk=1lVillVi| (G cos Oy + By sin 0y) )
Qi = Xk=1VillVi|(Gix sin 0;, — By cos Oy) (10)

where V;: voltage at bus i, V;: voltage at bus k, G;;: real part of admittance matrix element, B;,:
imaginary part of admittance matrix element and 6;;.: phase angle.

As mentioned, the inherent operating characteristic of the PV system may create a mismatch
between generation and demand and potentially lead to jeopardizing the normal grid operation. The most
critical challenge to the grid operation is presented during the maximum PV system generation. The steady-
state grid operations from 06:00 hour to 17:00 hour for each interconnection scenario are assessed
corresponding to the time-varying load profiles and the maximum PV system generation profile derived from
the PVsyst simulation. A total of 432 hourly conditions are examined in the time-series power flow
assessment. The assessment is focused on the generation, loading and PF of the gensets, along with the grid
operating parameters including power flow, bus voltage and line loading at the respective point-of-common-
coupling (PCC), and line losses.

It is worth mentioning that the existing grid protection scheme is designed relevant to the operation
without the PV system in the grid. Therefore, with the presence of the PV system, the grid protection system
is risked to technical challenges such as overloading of the protection device, relay misoperation, and loss of
proper coordination between the relays. Short-circuit analysis in accordance to IEC 60909 standards is
carried out in ETAP. The cases of a fault occurring at each bus for all the interconnection scenarios are
examined. The objectives are to assess the adequacy of existing protection devices and the validity of the
protection scheme.

Besides the intermittent and non-dispatchable characteristics of the PV system, the integration may
challenge the grid in terms of the available inertia and spinning reserve. Unlike the genset, the PV system
incorporating electronic-based solar inverter contributes no inertial response to grid energy balance.
Consequently, the grid may be risked to instability following a disturbance. It shall be pointed out that the
grid is not implemented with the under-frequency load shedding scheme. The following three cases
representing the most critical operating conditions are identified for assessment.

a) Case 1: Peak PV system generation at high demand period

b) Case 2: Peak PV system generation at low demand period

c) Case 3: Maximum demand at low demand period with respective PV system generation

For each case of the critical operating conditions, the dynamic transient stability analysis is
performed in ETAP corresponding to the following potential extreme grid disturbance events to analyze the
resulting frequency and voltage responses at the main generation station for determining the grid stability.

a) Sudden tripping of the PV system

b) Rapid PV system generation ramp-down at various rates

c) PV system generation fluctuation

d) Sudden loss of generation from the genset

For continuous and stable operation, the frequency and voltage shall lie within the range of +5% of
their nominal values. Otherwise, the grid shall deem to lose its stability and lead to grid collapse.

A multi-objective optimization based on time-series power flow algorithm is executed to ascertain
the optimal placement of the PV system in the grid. All the potential interconnection points are nominated,
subjected to no violation of voltage and line ampere loading limit reported from the power flow assessment.
Further, any nominated point encountered with the limit violation in the computation process will be
disqualified. The objectives of the optimization are to elevate the technical merits of the grid operation
through line loss reduction, voltage profile enhancement, and line reserve capacity improvement. It is
undertaken as a multi-objective optimization problem, accounting three technical performance indices —
active line losses index (ALLI) and voltage index (VI) based on the formulation in [41], and line capacity
index (LCI).
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The first index, ALLI is defined in Equation (11). It measures the total active line losses in the PV-
integrated grid relative to that of without the PV system using average generation and demand profile. By it,
the resulting value closer to zero is desirable as it indicates lower losses and a higher utilization efficiency per
unit of electricity generated.

ALLI = Y71, PReyy [ Bty PO%SS, (11)

where Pje¥,: cumulative active line losses in the grid with PV system during hour h, P2%S,:
cumulative active line losses in existing grid without PV system during hour h and nh: total number of hours.

The second index, VI is an indicator of the grid voltage deviation from the nominal value with
respect to the average generation and demand profile. It is expressed by the mathematical formula in
Equation (12). Higher adherence to the nominal voltage is reflected by a smaller VI. It implies a lower limit
violation risk. In the computation, all the buses are accounted except the slack bus as its voltage magnitude is

pre-specified.
b
VI = S5 | Vhom = Vo) /Vooml,_, / (nh X nb) (12)

where V;,,,: nominal voltage magnitude, V, ,: voltage magnitude of bus b at hour h and nb: total
number of buses.

The third index, LCI is formulated in Equation (13). It defines the maximum ratio of the current
flow through the line over the line ampacity corresponding to the time-varying demand and the respective
peak and minimum PV system generation. A lower magnitude of LCI indicates a higher reserve capacity of
the line, which is beneficial for future load growth.

LCT = max [(|F0|Eszhec /mec,)” ]nh (13)
B Lh Yizalpey

pvg=min

where I7?: current flow through line [ at the respective PV system generation level pvg during
hour h, MCC,: ampacity of line [ and nl: total number of lines.

A weighting factor is allocated to each index based on the significance of their contribution to the
optimization solution. Here, factors of 0.5, 0.3 and 0.2 are specified for ALLI, VI and LCI, respectively. They
may be modified accordingly to suit a given objective, subjected to the summation equates to 1.0.

Given in Equation (14), the multi-objective performance index (MOPI) is computed from the
summation of the weighted performance indices. The objective function of the optimization is to minimize
MOPI, as defined in Equation (15). As such, the optimal PV system placement in the grid is being the
nominated point resulting in the minimal MOPI, reflecting the highest potential in enhancing the grid
operation.

MOPI = a,ALLI + a,VI + a3 LCI (14)
f = minimize (MOPI) (15)
where a;: weighting factor of ALLI, a,: weighting factor of VI and a5: weighting factor of LCI.

3. RESULTS AND DISCUSSION
3.1. PV system performance

In order to estimate the annual generation of the PV system, the potential generation for 8,760 hours
over a year is computed in PVsyst accounting the meteorological condition and design variables described in
Section 2. Cumulatively, the system is expected to yield annual energy of 3,293 MWh. According to [52],
this amount of energy could realize a yearly saving of 5,598 barrels of fuel, coupled with carbon emission
reduction up to 2,960 tons. From the financial perspective, a massive benefit could be accumulated from
lessened fuel cost and carbon tax over the system operational lifetime.

Figure 5 shows the variation of total generation in each month of the year. The PV system
generation is governed mainly by irradiance and Ta. The generation is highest in March at 312 MWh as it is
the month receiving the highest total irradiance. On the other hand, the minimum monthly generation is in
June at 242 MWh. Though a higher monthly irradiance is available in June than February, its higher Ta
attributed to a lower energy conversion efficiency. In Figure 6, the normalized maximum and average
generation profiles are illustrated. The PV system generation is corresponding to the hour from 06:00 to
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17:00. The hourly magnitude of average generation profile equates the total generation for the specific hour
divided by number of data available. With regard to maximum generation profile, the generation at 06:00
hour is 1.31% that of at 12:00 hour. It indicates a large difference in the amount of PV system energy
injection into the grid across the hours.

Based on the meteorological and generation data, the Yf, Yr and PR are computed to evaluate the
performance of the PV system. It is determined that the PV system operating under the tropical climatic
condition achieves Yf of 4.51 kWh/kWp/day, which is lower than the installation at Morocco with arid
climate (1,895 kWh/kWpl/year) [53]. Additionally, comparison with performance monitoring data of other
installations found that it is higher than Brazil (3.4 kWh/kWp/day) [54] and Mauritania (4.27 kWh/kWp/day)
[55], matches with Kuwait (4.5 kWh/kWp/day) [56], and lower than India (4.81 kWh/kWp/day) [57].
Meanwhile, the Y7 is estimated to be 4.98 hours, denoting the number of peak sun hours per day. Besides the
meteorological condition and installation location, it is influenced by the panel orientation. It also indicates
that the system generation at STC is equivalent to 4.98 kwh/kWp/day. Figure 7 presents a comparison of the
monthly PR. Overall, the highest system efficiency reaches the PR of 90.94% in February whereas the lowest
is 90.29% in May. It is dictated by losses in the energy generation process, for instance, due to shading, panel
temperature, and inverter efficiency. The high potential of deploying the PV system is justified by the
promising monthly PR with a strong yearly PR of 90.6% which is greater than the installation in Brazil
(68%) [54], Mauritania (67.96%) [55] and Morocco (82.2%) [53], and close to that of in India (89.15%) [57].
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3.2. Time-series power flow assessment
3.2.1 Synergy between the PV system and genset

The interconnection impacts are examined from the perspective of genset operation, focusing on the
generation, loading level, and PF. Figure 8 illustrates the total active and reactive energy generations of the
gensets in the existing grid versus those of the grid with the PV system corresponding to each load profile.
From the comparison, it is obvious that the synergy brings about a reduction in the genset generation. The
maximum reductions of the active and reactive energy generations are attained in load profile G up to 29.1%
and 33.8%, respectively. The finding shows the benefit of operating the inverters at PF of 0.95
overexcitation, whereby the genset generation burden is relieved in terms of both active and reactive
elements. It signifies the grid operator may leverage the PF range offered by the inverters in providing
necessary grid support.

%Acliue (w/o PV system) L™ Active (with PV system)

Reactive (w/o PV system) [%7] Reactive (with PV system)

~
(=]

B2 @
o o o

w
o

N
o

Energy (MWh/Mvarh)

=
o o
At
Ot
Ot

LoadEprofiIeF
Figure 8. Active and reactive energy generations of the gensets

The loading of the genset is defined as the energy generation relative to the rating. In Figure 9, the
impact on the hourly genset loading corresponding to the load profile is depicted. The comparison shows the
resulting lower loadings in all the hours. For instance, the peak hourly loading at 16:00 hour in load profile A
is reduced up to 7.1%. It suggests an opportunity of delaying the necessity of expanding the conventional
generation capacity of the grid in view of the growing demand, which agrees with the finding reported by
Barsoum and Lee in [35]. The present study goes beyond the previous work, pointing out the event of the
genset loading lower than 30% during the low demand period (load profiles E to I). This violates minimum
genset loading requirement and subsequently, triggers dispatch issue. During those hours, proper genset
sequencing by curtailing the number of operating genset to suit is necessary. It is done, however, at the
expense of reduced system inertia and spinning reserve available in the grid. Hence, evaluation of the impact
on the grid stability will be performed in this study through the dynamic transient stability analysis.

The inverter PF defines the proportion of active and reactive power injections from the PV system
into the grid, which in turn influences the genset PF. Given the wide operating PF range of the inverters, an
assessment is carried out to analyze the corresponding impact on the operating PF of the gensets. Figure 10
displays the hourly genset PF at different inverter PF for each load profile. Generally, the stable genset
operation is restricted to within 0.80 lagging to unity PF, in accordance with the capability curve. As shown
in Figure 10, the genset PF well conforms to the acceptable range while operating the inverters at PF of 0.95
overexcitation, which is specified for the PV system. Contrarily, setting the inverter PF either to 0.90
overexcitation or unity risks limit violation due to the resulting generation imbalance of the genset. The
finding concerning the PV system poses an effect on the genset PF is in line with the work accounting only
unity PF by Farhoodnea et al. in [58]. Therefore, proper reactive power management in the grid is crucial,
whereby the permissible inverter PF must be specified for the interconnection.
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Figure 9. Loadings of the gensets
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Figure 10. Operating PF of the gensets

3.2.2 Grid operating parameters

The impact of the PV system integration on the power flow at PCC is assessed. Figure 11 illustrates
the time-series active power flow through the line for each interconnection scenario normalized to the
maximum value. It is noteworthy the existence of negative power flow, indicating the power is in the
opposing direction from the convention. This occurs due to the mismatch between generation and demand,
leading to the PV system energy oversupply exceeding the downstream demand. The situation is presented in
all the load profiles of Scenarios 2 and 4 whereas only during the low demand period in Scenario 3. In such a
case, the power flow in the grid is transformed into bidirectional. Since the grid is designed for unidirectional
power flow, the normal grid operation may potentially be challenged. Therefore, the impacts on the grid
operating parameters in terms of bus voltage, line ampere loading and losses shall be examined.

Figure 12 displays the voltage profile at the PCC for each interconnection scenario with respect to
the load profile. Scenario 2 presents the most significant hourly voltage variation per load profile, and it is
also the most susceptible to limit violation. In Scenario 3, a higher voltage profile is exhibited in load profiles
E to | due to the substantial lower electricity demand. Meanwhile, the voltages in Scenario 4 show a relative
consistency across all the load profiles. In accordance with the national grid code, the allowable voltage
range for safe and reliable operation is specified to be £0.05 per unit quantities (p.u.) of the nominal voltage.
Dissimilar to the finding in [30] corresponding to a typical grid, no voltage limit violation is reported, albeit
the presence of reverse power flow. Moreover, the resulting voltages are far from violating the limits. For
instance, at the PV system generation amounting to 179.6% of the downstream demand in Scenario 2, the
corresponding voltage is 1.006 p.u. - a voltage rise of 1.13% only. The finding implies a higher magnitude of
reverse power flow could be sustained at the PCC while adhering to the limits.
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The power transfer in the grid involves voltage drop, leading to a lower voltage at the distribution
end. A global concern to the grid operators is the possible undervoltage issue in the grid at times of high
demand. Figure 13 presents the impacts of the PV system on the maximum and minimum PCC voltages for
each interconnection scenario. It is apparent that both maximum and minimum voltages rise with the PV
system deployment. The voltage rise is attributed to the proximity of the PV system to the loads. The
comparison between the scenarios suggests the opportunity in leveraging the interconnection point for
managing bus voltages. It could, in turn, maximize loadability for catering more future loads without risking
limit violation.
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Figure 13. Maximum and minimum voltages at PCC
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Line ampere loading is defined as the percentage of the current flowing through the line over the
rated ampacity. The rated ampacity of the line at PCC of all the interconnection scenarios are 470A, and the
maximum line ampere loading limit is specified as 75%. Figure 14 illustrates the comparison of the
maximum and minimum line ampere loadings at PCC before and after the PV system interconnection in each
scenario. Despite having the reverse power flow, both maximum and minimum loadings are reduced with the
PV system in the grid. The maximum loadings in all the scenarios with the PV system are well below 25%.
As such, there is no overloading risk, and no replacement of the existing line is necessitated for
accommodating the PV system. The finding is consistent with the work by Wu et al. [26] on Taiwanese grids
that the PV system makes available a larger line reserve capacity, thus allowing deferment of line
reinforcement. It is worth highlighting that the present study considered time-varying nature of generation
and demand in determining the loadings.

In Figure 15, the total line losses resulting in each interconnection scenario corresponding to the
load profile are displayed. From the comparison, the potential of the PV system in reducing the losses is
shown. It is mainly attributed to the lower power transfer in the lines. The reductions signify an improvement
in the grid operating efficiency. Further, the comparison between the scenarios within a load profile
demonstrates the relationship of the line losses with the interconnection point. It indicates an opportunity for
the grid planner in specifying the optimal point for the interconnection to maximize grid operation
enhancement. It is noteworthy that the loss minimization potentials of the scenarios are distinctive across
different load profiles. For instance, the least total line losses in load profile A is achieved in Scenario 3
whereas that of in load profile E is in Scenario 2. This reveals the significance of considering long-term
feeder-specific load profiles in identifying the optimal PV system placement in the grid to achieve minimal
losses.
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Figure 14. Maximum and minimum line ampere loadings
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3.3. Short-circuit analysis

Based on IEC 60909 standards, the occurrence of a balanced three-phase fault is simulated at each
bus (except the slack bus) for assessing the fault current. Table 5 summarizes the maximum fault current
level in the grid corresponding to each interconnection scenario. The comparison indicates the maximum
fault current level increases with the presence of the PV system, up to 0.56% in comparison with Scenario 1.
Despite that, the short-circuit ratings of all the existing breakers of 25 kA are not violated. Hence, breaker
replacement is not necessitated as their operating capabilities are not compromised.

Table 5. Maximum fault current level
Scenario 1 2 3 4
Fault current (kA) 4.674 4.700 4.699 4.698

The operation of the protection device for the fault occurring at the bus downstream of the PV-
integrated bus is analyzed. In Table 6, impacts on the fault current level and relay operating time with respect
to each interconnection scenario are presented. It is determined that the fault current increases by 0.97% in
Scenario 2 and 0.24% in Scenario 4. Subsequently, the protection device operation is affected by faster relay
operating time, which agrees with the work in [36]. Given the minimal variations of two milliseconds in both
scenarios, the relay coordination scheme remains within acceptable time grading margin.

Additionally, the event of the fault happening at the bus adjacent to the PV-integrated bus is
examined. Table 7 provides the magnitude of fault current flowing in reverse through the upstream protection
devices in each scenario. In all the scenarios, the reverse fault current does not trigger relay misoperation as
the pickup current of the upstream protection device is not met. Nevertheless, the finding suggests the
application of the protection device with the directional element in the case of having a larger PV short-
circuit capacity. Based on the findings, the existing protection scheme is deemed to remain valid in view of
the interconnection.

Table 6. Downstream fault current and relay operating time

Scenario 1 2 1 4
PV system location - B5 - B8
Fault location B6 B6 B9 B9
Fault current (kA) 2.679  2.705 3.730 3.739
Relay operating time (ms) 155 153 406 404

Table 7. Reverse fault current level

Scenario 2 3 4
PV system location B5 B7 B8
Fault location B3/B4 B2/B4 B2/B3
Pickup current (kA) 0.800 1.000 0.900
Fault current (KA) 0.183 0.184 0.185

3.4. Dynamic transient stability analysis

The grid stabilities for the extreme disturbance events corresponding to different cases of critical
operating conditions as described in the following are assessed, in terms of the system frequency and voltage
at the main generation station. Case 1 represents the grid operating condition during the high demand period
at which the demand is the highest at the peak PV system generation. In this case, three gensets are in
operation. Meanwhile, Cases 2 and 3 consider the low demand period when only two gensets are operating in
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accordance with the minimum genset loading threshold. As such, the available dynamic support in the grid is
limited. Case 2 focuses on the condition of the highest demand at peak PV system generation. For Case 3, it
is corresponding to the maximum demand condition of the period with the respective PV system generation.

3.4.1 Event 1: Sudden tripping of the PV system

The sudden opening of the PV system breakers at 2 seconds, entailing the entire loss of PV system
energy injection in the grid is simulated. This event may arise from circumstances such as grid disturbance
and unintended breaker operation. It poses a remarkable challenge to the normal operation of the gensets.
Figure 16 depicts the resulting system frequency and voltage of Case 1. Both system frequency and voltage
remain within the acceptable range. The drops are attributed to the abrupt energy imbalance in the grid.
Similar response patterns are presented in Cases 2 and 3 without limit violation. The minimum frequencies
recorded in Cases 1, 2 and 3 are 98.2%, 97.3% and 97.8%, respectively. Meanwhile, the minimum voltages
for Cases 1, 2 and 3 are 0.984 p.u., 0.972 p.u. and 0.976 p.u., respectively. The analysis indicates that the grid
is capable of sustaining its stability for the event. This implies the rapid inertial response of the gensets and
spinning reserve allocation in the grid are adequate for compensating the sudden supply loss from the PV
system.
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Figure 16. System frequency (left) and voltage (right) responses of Case 1 during Event 1

3.4.2 Event 2: Rapid PV system generation ramp-down at various rates

The impact of PV system generation ramps down by 85% in 0.5 minutes, 1 minute and 2 minutes
are investigated. It mimics the passage of clouds during extreme weather conditions with subsequent
shadowing of the PV arrays. Table 8 presents the comparison of the minimum system frequency obtained in
each case corresponding to different ramp-down intervals. The event prompts an increment of the generation
of the gensets. Despite the lessened inertia available in Cases 2 and 3, the system frequencies in all the cases
are dropped within the limit. Further, the results indicate an inverse relationship between minimum frequency
and ramp-down rate. It points out that the highest ramp-down rate shall be accounted during grid planning as
it shall pose a higher risk of limit violation. Meanwhile, the system voltages swing within the bound during
the event and return to stability thereafter. For instance, the minimum voltages for Cases 1, 2 and 3 for
ramping down in 0.5 minutes are 0.9999 p.u., 0.9998 p.u. and 0.9999 p.u., respectively. The resulting system
frequency and voltage demonstrate the preservation of grid stability, without requiring the PV system energy
injection reduction proposed in [38] for Kiribati’s grid during low demand at maximum PV system
generation.

Table 8. Minimum system frequency at PV system generation ramp-down
Interval

0.5 min 1 min 2 min
Case
1 99.083% 99.084% 99.243%
2 98.629% 98.631% 98.632%
3 98.870% 98.872% 98.873%

3.4.3 Event 3: PV system generation fluctuation

A randomized fluctuation of the PV system generation within the range of 5% to 100% for 2.5
minutes is simulated. This event imitates the variable cloud movement and considers the intermittent nature
of the PV system generation. Figure 17 illustrates the corresponding system frequency and voltage responses
for Case 2. Similar characteristics of system responses are yielded in Cases 1 and 3. The minimum
frequencies recorded in Cases 1, 2 and 3 are 98.6%, 98.0% and 98.3%, respectively. The minimum voltages
for Cases 1, 2 and 3 are 0.993 p.u., 0.987 p.u. and 0.989 p.u., respectively. During the event, the gensets vary
their generations for maintaining the energy balance in the grid. The event results in the changes of the
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system frequency and voltage. In all the cases, the variations of the dynamic variables stay within the
permissible limits, signifying the secure operation of the grid is maintained.
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Figure 17. System frequency (left) and voltage (right) responses of Case 2 during Event 3

3.4.4 Event 4: Sudden loss of generation from the genset

The impact in relation to one of the operating gensets fully loses its generation at 2 seconds is
examined. This event represents a critical condition to the normal grid operation, especially in Cases 2 and 3
with the already limited dynamic support in the grid. During the event, the PV system injection corresponds
to 24.4%, 39.0% and 32.0% of the total online grid generation capacity in Cases 1, 2 and 3, respectively. For
each case, the system frequency drops to the lowest at 97.96%, 96.03% and 96.02%, respectively and
increases progressively back to its steady-state. The finding is in good agreement with the frequency response
reported in the work by Feilat et al. in [37] for the Jordanian power system. Meanwhile, the minimum system
voltages for Cases 1, 2 and 3 are 0.978 p.u., 0.970 p.u. and 0.975 p.u., respectively. Despite the system
frequency drops and voltage variations, the event neither leads to limit violation nor grid collapse in all the
cases. It implies that the grid could sustain the loss of one genset with the PV system in the grid. The
remaining operating genset ramps up its generation immediately with the governor action for maintaining the
grid operation continuity. Thereby, the grid operator shall initiate the start-up of the standby genset for
strengthening the grid security.

3.5. PV system placement optimization

The optimization potential at each prospective interconnection point is assessed with the aim of
identifying the best PV system placement in the grid for active line losses minimization, grid voltage profile
enhancement, and line reserve capacity improvement. All the interconnection points are nominated for the
optimization since there is no violation of the voltage and line ampere loading limit. Figure 18 depicts the
ALLI, VI and LCI determined for each interconnection scenario. Correspondingly, the MOPI for Scenarios 1,
2, 3 and 4 are 0.563, 0.455, 0.443 and 0.543, respectively. A smaller MOPI is desirable as it indicates a
higher potential. Among the scenarios, Scenario 3 is discovered to be optimal for the PV system deployment.
This is followed by Scenario 2 and Scenario 4. The result suggests prioritizing the deployment based on
Scenario 3 in order to maximize the contribution of the PV system to the grid operation. Thereby, minimizing
losses by 23.5%, enhancing voltage by 0.04%, and improving line reserve capacity by 0.9%. Further, the
comparison with Scenario 1 shows that the PV system interconnection at any of the three points is capable of
enhancing the grid operation. Recognizing the different potentials at each point, performing optimization
study for all the future interconnections is recommended for inclusion as a requirement in the RE policy.
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Figure 18. Performance indices of different interconnection scenarios

IJEEI, Vol.8, No. 3, September 2020: 427 — 446



1JEEI ISSN: 2089-3272 a 443

4. CONCLUSION

In this paper, a conjoint assessment encompassing the performance of a 2 MWp CdTe-based PV
system designed (32% penetration ratio relative to peak grid demand) and scenario-based interconnection
impacts in an isolated 11 kV 10-bus Bruneian microgrid was performed. The meteorological data of the site
and potential generation of the PV system for 8,760 hours over the year were firstly computed using
Meteonorm and PVsyst, respectively. The system performance was assessed according to IEC EN 61724
standards. The performance indices of the PV system at Yf: 4.51 kWh/kWp/day, Yr: 4.98 hours/day and PR:
90.6% demonstrate the high deployment potential under the meteorological condition of the site.

Corresponding to the PV system generation and multiple feeder-specific measured load profiles, the
impacts of the PV system interconnection at each potential point were assessed in ETAP. The analysis
comprised aspects of time-series power flow, short-circuit, and dynamic transient stability. Despite power
flow changes in the grid, the power flow assessment with respect to time-varying demands and maximum PV
system generation profile indicated grid operation enhancement in terms of loadability, line reserve capacity
and operating efficiency, without violating voltage and line ampere loading limit. Nevertheless, at times of
substantial mismatch between generation and demand, the synergy raised concerns on genset operation
regarding underloading and PF limit violation. Proper genset sequencing for allocating an appropriate
number of operating genset and reactive power management for inverters operating at permissible PF, are
necessary.

While short-circuit analysis conforming to IEC 60909 standards revealed the PV system leads to a
higher maximum fault current level up to 0.56%, increased downstream fault current and the introduction of
reverse fault current, it poses a minimal impact on the protection system operation. The existing protection
devices and protection scheme were validated to remain adequate. The dynamic transient stability analysis
evaluating the secure operation of the grid under the critical grid operating conditions presented the grid
remained stable in the events of a sudden loss of generation from the PV system or genset, rapid PV system
generation ramping down, and continuous PV system generation fluctuation. The most challenging
circumstance was ascertained to be sudden generation loss of a genset with the already reduced system inertia
and spinning reserve in the grid in adherence to the minimum genset loading threshold. In that case, the
system frequency dropped to as low as 96.02%. The optimal PV system placement was identified using
MOPI to be Scenario 3, attaining 23.5% loss reduction, 0.04% voltage enhancement, and 0.9% line reserve
capacity improvement. Based on the findings in the present study, the following recommendations are
provided for RE planning and policymaking.

1. The systematic analysis concerning grid-connected PV system deployment shall include PV system
performance and interconnection impact assessments based upon a detailed PV system model considering
deployment conditions. Accordingly, a more complete and realistic analysis with a clear knowledge of the
PV system design and specification could be delivered, which is beneficial for proper decision making
and grid planning.

2. A minimum PV system performance requirement shall be specified for promoting high-efficiency system
deployment. For instance, all the future proposed systems must exceed PR of 80%. The threshold shall be
gradually increased with technological improvement. Acknowledging the variation of solar inverter
performance across different capacities and models, the requirement of prioritizing the adoption of the
inverter with the least operating losses shall be stipulated. Additionally, the proposed inverter shall be
capable of operating within a wide range of PF. This capability is imperative in providing necessary
support to suit grid operating requirements. The inverters operating at 0.95 overexcitation mode well
adhere to the acceptable genset operating PF limit and reduce the reactive power generation burden of the
gensets.

3. Recognizing locational dependence of the PV system interconnection impacts, in-depth assessment on
various prospective points incorporating multiple feeder-specific measured load profiles shall be
mandated in all interconnection proposals. It shall facilitate the understanding of realistic benefits and
challenges associated with the interconnection at each point.

4. The impacts of reverse power flow in the grid shall require a comprehensive assessment instead of direct
regard it as a negative indication. Its impacts are corresponding to its magnitude and the grid
characteristic. It has been shown in the present study that the PV system deployment resulting in reverse
power flow does not cause a violation of voltage and line ampere loading limit while bringing benefits to
the grid.

5. Grid protection devices with directional elements shall be deployed in the case of having a larger short-
circuit capacity of the PV system resulting from potentially more PV system deployments in the future.
The purpose is to mitigate protection device misoperation associated with the reverse fault current.
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Clearly, the multitude of findings in the study indicates a good prospect of the PV system
deployment. The analysis could contribute to RE planning and policymaking for advancing energy transition.
Additionally, the findings and recommendations could serve as a guide for future deployments, especially in
ASEAN with a similar climate and expecting a proliferation of the PV system towards achieving the regional
RE joint aim. The research on the PV system deployment from the financial perspective and the
implementation of a grid-connected rooftop CdTe-based PV system under the local meteorological condition
with field performance monitoring system for data collection and validation will be focused in future work.
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