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Abstract: Promoting a sustainable and low-carbon energy future through the integration of
renewable energy is essential, yet it presents significant challenges due to the intermittent
nature of resources such as solar and wind. This paper examines the technological and eco-
nomic dimensions of AC, DC, and smart grids, concentrating on the optimization of costs,
efficiency, stability, and scalability. Smart grids, enhanced by AI, IoT, and blockchain tech-
nologies, play a vital role in energy management optimization, predictive maintenance, and
secure energy transactions. Furthermore, the incorporation of renewable energy sources,
especially photovoltaics, presents challenges including intermittency, voltage fluctuations,
and grid congestion. This paper emphasizes the necessity for updated grid codes and
policies that guarantee system stability and the effective functioning of renewable energy
systems. The implementation of these regulatory frameworks is crucial for facilitating the
efficient integration of renewable energy into the grid, ensuring a reliable and secure power
supply while advancing sustainability efforts.

Keywords: smart grids; renewable energy integration; energy management optimization;
AI and blockchain in energy systems; grid modernization

1. Introduction
Global energy demand continues to rise steadily each year, driven largely by the

world’s growing population—a trend that is expected to persist well into the foreseeable
future. The World Energy Outlook by the International Energy Agency (IEA) [1] highlights
that approximately 80% of global energy generation still relies on fossil fuels, despite
substantial investments and efforts directed toward renewable energy research. The unsus-
tainable nature of fossil-fuel-based energy systems is widely recognized, with emissions
from these sources posing significant risks to human health and environmental integrity,
impacts that are increasingly evident today. Additionally, fossil fuel reserves are finite
and will eventually be exhausted as they are continuously extracted without any natural
replenishment. Consequently, the pursuit of alternative, clean energy sources remains
a critical research priority, as emphasized in Goal 7 of the United Nations’ Sustainable
Development Goals (SDGs) for 2030 [1]. The amount of fossil fuels in the world’s energy
mix has been gradually decreasing over the past ten years, from 82% in 2013 to 80% in
2023. The demand for energy has grown by 15% during this time, while clean energy—that
is, nuclear, low-emissions fuels like carbon capture, utilization, and storage (CCUS), and
renewables in the power and end-use sectors—has supplied 40% of this expansion. Ac-
cording to the Net Zero Emissions by 2050 Scenario (NZE Scenario), the most significant
factor in reducing emissions until 2030 is a threefold increase in renewables capacity. With
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existing policies, advanced economies and China are expected to attain around 85% of the
necessary renewables capacity by 2030; other developing nations require stronger policies
and international assistance. Emerging technologies such as hydrogen and carbon capture,
utilization, and storage (CCUS) will reduce emissions mostly after 2030. Hydrogen elec-
trolysis capacity projects are projected to meet approximately 70% of the NZE Scenario’s
requirements by 2030. Similarly, announced CCUS projects, primarily concentrated in
affluent economies, are expected to account for around 40% of global demand. To accelerate
the transition to a low-carbon energy system, stronger governmental policies and strategic
initiatives are essential to enhance the adoption of low-emission technologies and fuels [1].
The involvement of various power generation sectors in supplying electricity to consumers
over the next 25 years is illustrated in Figure 1. It shows that 65% of renewable energy
production, primarily from solar and wind energy systems, will play a significant role in
reducing CO2 emissions by 2050.
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Furthermore, historically, power systems have been designed for unidirectional power
flows, originating from a central source and transmitted downstream at reduced voltage
levels. However, the growing interest among consumers in adopting distributed generation
(DG) to meet part of their energy needs signals a shift in the energy market. In light of the
environmental challenges posed by traditional power plants, particularly concerning CO2

emissions, there has been a broad acceptance among utilities and consumers of renewable
energy-based generators (REGs). This includes technologies such as photovoltaic (PV)
systems, wind turbines (WT), and fuel cells (FC), which serve as viable alternative sources
of electricity [2,3]. Renewable energy generation systems (REGS) have been increasingly
deployed in distribution networks to reduce fossil fuel consumption and enhance the
integration of distributed generation units into the power grid [4–6].

Photovoltaic (PV) energy is recognized as one of the most sustainable, easily acces-
sible, and abundant renewable energy sources. Ongoing advancements in materials and
manufacturing techniques are driving down PV system costs, positioning it as one of the
most affordable and scalable energy solutions for the future [7]. Furthermore, numerous
governments are providing subsidies and incentives, making photovoltaic (PV) systems an
appealing and flexible option for distributed power generation. By generating electricity di-
rectly from solar panels located near the load, transmission losses are significantly reduced,
thereby enhancing overall energy efficiency [8,9]. Globally, 580 GW of solar photovoltaic
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(PV) capacity was installed in 2019, with distributed PV generation (DPVG) systems play-
ing a significant role in the PV market. Since 2015, China has led in cumulative installation
capacity, driven by governmental subsidy schemes and rapid cost reductions resulting
from technological advancements. The proportion of DPVG systems relative to centralized
PV farms (CPVF) has been steadily increasing, now accounting for approximately 50%
of annual installation capacity [10,11]. Figure 2 illustrates the various renewable energy
systems installed between 2022 and 2030.
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The existing photovoltaic technologies have conversion efficiency below 23%, high-
lighting the need for enhancements to boost competitiveness [12]. Numerous aspects affect
the efficiency of photovoltaic systems, and certain conditions are necessary to achieve
optimal performance. Meteorological characteristics such as solar radiation, ambient tem-
perature, dust storms, and wind velocity are the primary determinants. It is expected that
solar PV facilities situated in arid locations with abundant sunlight may achieve substantial
PV energy production. However, the accumulation of dust in these regions is substantial,
which negatively impacts the performance of PV systems [13–15]. The cell temperature
is a critical factor that significantly influences the performance of solar PV systems. El-
evated cell temperatures often reduce the power production of photovoltaic panels. An
increase in temperature directly affects the open-circuit voltage, resulting in reduced effi-
ciency at higher temperatures. Therefore, effective heat management strategies and cooling
techniques are essential for enhancing the performance of photovoltaic systems [16,17].

The world is increasingly electrified, driven largely by the growth of renewable energy
sources and the expanding adoption of electric vehicles [18–20]. The impact of EVs and
emerging EV infrastructure on grid performance is significantly shaped by the specific
charging strategies employed and the capacity of utilities to meet power demands under
varying load conditions [21–23]. These emerging EV technologies can draw energy solely
from the grid or be integrated with renewable energy sources, fostering a more sustainable
charging infrastructure [24–26]. The Integration of renewable energy sources into electric
vehicle charging stations (EVCS) presents a promising strategy for reducing greenhouse gas
emissions, lowering energy costs, and fostering a more sustainable future for EV charging
infrastructure. In addition, renewable energy sources enable a decentralized approach
to EV charging, unlike centralized traditional power plants, thereby reducing the risks
associated with energy security and enhancing grid resilience. Battery electric vehicles
(BEVs) are among the key contributors to CO2 emission reduction, steadily gaining traction
worldwide as a cleaner transportation alternative. BEVs can be charged through several
technologies at external EV charging stations, including AC, DC, and wireless charging.
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Figure 3 illustrates the distribution of avoided CO2 emissions among the top
30 countries, collectively accounting for approximately 98% of global emissions avoided. It
also illustrates countries based on their installed photovoltaic capacities and the carbon
composition of their grid mix.
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Grid-tied Renewable Energy Generation Systems (REGS) offer pollution-free opera-
tion, cost-effectiveness, and lower maintenance requirements. Consequently, their adoption
is steadily increasing. However, several challenges arise in the grid integration of renewable
energy generation systems (REGS), including high-impedance faults, grid synchronization
issues, and power quality improvement [27]. In particular, more solar PV integration into
the utility grid may result in issues with power quality and, particularly, degrading distri-
bution power quality. The power quality difficulties related to solar PV integration include
voltage sag, voltage swell, transients, flickers, harmonics, power factor variations, reactive
power compensation, electrical line noise, frequency variations, blackouts, and frequency
variations [3,28–31]. In recent years, the extensive use of power electronic converters for
integrating distributed generation (DG) units with the grid has posed significant chal-
lenges for distribution networks, notably in terms of harmonic distortion and difficulties in
maintaining frequency stability due to reduced system inertia [32,33].

According to grid operators worldwide, cascading disconnections in renewable energy
distributed systems (REDs) have become increasingly common from 2021 to 2024, with
one key issue being inadequacies in system models that fail to respond effectively under
dynamic grid conditions. This underscores a critical global challenge: developing robust
and precise control mechanisms to manage the inherent intermittency and fluctuations
of renewable energy sources such as photovoltaic (PV) systems. The high penetration of
photovoltaic (PV) power plants presents new challenges for their operation and integration
into the power system. A key challenge stems from the intermittent nature of solar irradia-
tion, causing fluctuations in energy output. This variability complicates grid management,
requiring advanced forecasting methods, flexible energy storage solutions, and robust
grid infrastructure to ensure a reliable and stable energy supply while accommodating the
growing share of solar energy in the overall energy infrastructure [34].

The grid codes imposed by various regulatory bodies limit the maximum fluctuations
of photovoltaic (PV) power injected into the grid, establishing thresholds for allowable
power injection per unit of time. These regulations are crucial for maintaining grid stability
and reliability, as they help to mitigate the potential adverse effects of rapid changes in solar
power generation. When PV systems experience sudden fluctuations due to variations



Energies 2025, 18, 2221 5 of 80

in sunlight—caused by factors like cloud cover or shading—these limitations ensure that
the electrical grid can absorb and manage these changes without risking overloading or
destabilizing the system. Different grid code imposers, such as the North American Electric
Reliability Corporation (NERC) in the United States, the European Network of Transmis-
sion System Operators for Electricity (ENTSO-E) in Europe, and the Australian Energy
Market Operator (AEMO) in Australia, have established specific requirements tailored to
their unique grid conditions and energy policies. These varying standards reflect regional
approaches to integrating renewable energy sources while ensuring reliability. By setting
these power injection limits, grid operators can effectively coordinate the operation of PV
systems with other energy sources, fostering a balanced and stable power supply. Further-
more, these regulations encourage the development of advanced inverter technologies and
smart grid solutions that can dynamically respond to grid conditions. With the increasing
share of renewable energy sources such as solar power, adherence to grid codes is essential
for maintaining a reliable and resilient energy infrastructure [35,36]. Figure 4 illustrates
load misalignment with solar availability in Wilmington, where the lines represent an-
nual average data for both solar energy generation and electricity demand. The colored
regions depict the annual variation in solar generation and load patterns, highlighting
the discrepancies between peak solar availability and periods of high electricity demand.
This misalignment underscores the challenges in integrating solar energy into the grid,
emphasizing the need for energy storage or alternative power sources to ensure a reliable
and balanced energy supply throughout the day.
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Multiple energy storage technologies support grid stability and energy management,
each suited to different needs: Pumped Hydroelectric Storage Systems (PHESS) offer high-
capacity, long-duration storage by moving water between reservoirs, while compressed air
energy storage systems (CAESS) compress air for release during peak demand. Flywheels
store energy systems (FESS) in a rotating mass for rapid discharge, ideal for high-power,
short-duration applications, and supercapacitor energy storage systems (SCESS) provide
fast charging cycles to balance momentary grid fluctuations. In addition, superconducting
magnetic energy storage systems (SMESS) utilize a magnetic field generated by a super-
conducting coil to store energy, providing rapid energy discharge with excellent efficiency,
which makes them ideal for maintaining grid stability and regulating frequency.



Energies 2025, 18, 2221 6 of 80

Batteries—such as lithium-ion, lead-acid, and solid-state types—are highly versatile,
scaling from residential to utility applications with varying durations and capacities. These
technologies collectively enhance flexibility, support renewable integration, and strengthen
the reliability of modern power systems [38–41]. A hydrogen fuel cell energy storage sys-
tem (FCESS) represents a promising approach for emission-free power generation. Using
hydrogen as a clean energy carrier, an FCESS can efficiently enhance the electric power
system. The applications encompass a wide array, including the provision of backup power
and grid stabilization, as well as facilitating the integration of renewable energy sources by
addressing intermittency challenges. The increasing emphasis on decarbonization high-
lights the importance of hydrogen fuel cell technology as a key element in developing
sustainable and resilient energy systems [42]. Several studies have conducted comparative
analyses of various energy storage system (ESS) technologies, focusing on their unique
characteristics, limitations, and applications. Battery energy storage systems (BESS) have
gained significant popularity in countries with high renewable energy adoption. BESS
offer high energy storage capacity, rapid response times, and scalability, making them
ideal for both residential and grid-scale applications. They play a crucial role in reducing
power intermittency while adding flexibility and enabling new services within the electrical
grid. However, the effective implementation of BESS requires advanced communication
systems to ensure seamless integration, coordination, and real-time response within the
grid infrastructure [43]. Despite these drawbacks, BESS remains one of the most flexible
and widely adopted ESS technologies today, playing a crucial role in modern energy sys-
tems [44]. The integration of BESS significantly improves the reliability and self-sufficiency
of net zero energy buildings (NZEBs). By storing excess energy generated on-site, BS
systems allow NZEBs to better manage periods of high demand or low generation, re-
ducing the frequency and volume of energy imported from or exported to the utility grid.
This integration not only enhances energy stability within NZEBs but also alleviates stress
on the utility grid by smoothing demand peaks and reducing dependency on external
energy supplies. As a result, the overall resilience of the grid improves, as the reliance on
centralized power sources is minimized. Additionally, battery storage empowers NZEBs to
function autonomously during grid outages, providing a crucial layer of energy security.
This capability aligns with the broader objectives of creating sustainable, grid-interactive
buildings that can dynamically manage energy resources and support a more flexible,
robust energy infrastructure [45–47]. The comparison of different energy storage systems
with technical specifications is presented in Table 1. This presents a comparative analysis
of various energy storage technologies based on key technical and operational parameters.
The comparison includes attributes such as power and energy capacity, energy and power
density, efficiency, response time (pickup time), discharge duration, storage period, lifespan,
and environmental impact. Additionally, it outlines the advantages and disadvantages of
each storage technology, highlighting their suitability for different applications. This analy-
sis is particularly relevant for evaluating storage solutions in renewable energy integration,
grid stabilization, electric mobility, and backup power systems. By providing a structured
assessment of these parameters, Table 1 serves as a valuable reference for selecting op-
timal energy storage technologies based on performance, scalability, and sustainability
considerations. However, the integration of second-life batteries, repurposed from electric
vehicles (EVs), presents a significant opportunity for stationary energy storage. These
batteries contribute to sustainability by extending their operational lifespan and reducing
environmental impacts associated with disposal. The utilization of second-life batteries
can serve as a complementary solution to conventional storage technologies, offering a
cost-effective and environmentally sustainable approach for grid applications, thereby
aligning with circular economy principles and enhancing energy system resilience.
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Table 1. Comparison of energy storage systems.

Storage Technology PHESS CAESS FESS
BESS

SMESS SCESS FCESS
Lithium-Ion Lead-Acid

Power range (MW) 100–5000 5–300 0–0.25 0–0.1 0–40 0.1–10 0–0.30 0–50

Energy range (kWh) 2 × 105–5 × 106 2 × 105–10 × 105 25–5000 2550–25,000 102–105 0.1–100 0.001–5 <200,000

Energy density
(Wh/kg) 0.5–1.5 30–60 5–80 120–230 30–50 0.5–5 0.05–15 500–3000

Power density
(W/kg) - - 700–12,000 150–2000 75–300 500–2000 10–106 >500

W/L *

Efficiency (%) 65–87 80–89 85–95 75–97 63–90 95–98 84–97 20–66

Pickup time 2–5 min 1–2 min Seconds Milliseconds Milliseconds Milliseconds Milliseconds Seconds

Discharge time Hours-day Hours-day Seconds-minutes Minutes-hours Seconds-hours Milliseconds-
seconds

Milliseconds-
minutes Seconds-days

Storage period Hours-months Hours-months Seconds-minutes Minutes-days Minutes-days Minutes-hours Seconds-hours Hours-months

Lifetime (year) 40–60 20–60 15- 5–15 5–15 20+ 10–30 5–15

Environmental
impact High High No Very low Medium Low Low Low

Advantages
1. Mature technology
2. low cost
and flexibility

3. Matured
technology
4. low investment

5. Fast response
6. No environmental
impact

7. Long lifecycle
8. Lightweight

9. Mature technology
10. Cheap and
recyclable

11. Fast response
12. High power
density

13. Fast response
14. High power
density

15. Long time
storage
16. No emission

Disadvantages

17. Geographical
location and
environmental
condition oriented
18. Long
construction time

19. Only large-scale
storage systems
are viable
20. Long
construction time

21. Mechanical
components affect
their stability
and efficiency
22. Short time
storage

23. Higher initial
cost
24. Less recyclability

25. Requires regular
checks and external
venting

26. Higher capital
cost
27. Not matured
technology

28. Limited storage
capacity
29. High initial cost

30. Lower round trip
efficiency
31. Higher capital
cost

* W/L—watt/liter.
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Figure 5 illustrates the block diagram of a Battery Energy Storage System (BESS)
integrated with renewable energy sources to the utility grid. The diagram includes the
following components:
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Figure 5. Block diagram of battery energy storage systems with renewable energy integrated into
utility grid.

Renewable energy sources (e.g., solar panels or wind turbines) that generate electricity,
which is then fed into the system.

Inverter/power converter that converts the DC electricity produced by renewable
sources into AC electricity for grid compatibility.

Battery energy storage system (BESS), which stores excess energy generated from
renewables for later use. It comprises batteries, a Battery Management System (BMS), and
a charging/discharging controller to regulate energy storage and release.

DC–AC converter, which converts stored DC power from the batteries into AC power,
enabling its integration into the grid or supply to the load.

Utility grid, where energy is either supplied or drawn depending on the availability
of renewable generation and the demand for electricity.

Energy management system (EMS) that monitors and manages the flow of electricity
between the renewable sources, storage, and the grid to ensure efficient operation, load
balancing, and economic optimization.

Load, representing the demand side, which can either draw power from the grid or
the battery system, based on the energy requirements.

This highlights the interconnectedness of components that enable effective integration
of renewable energy, storage, and grid systems, ensuring stability, efficiency, and optimal
energy use in modern power systems.

Figure 6 illustrates the dispatch strategy of the battery energy storage system (BESS)
on days with solar photovoltaic (PV) generation and an inverter. The diagram shows the
coordination of energy flow between the solar PV, BESS, inverter, and the grid, enabling
efficient generation, storage, and distribution of energy while optimizing grid stability.
The inverter converts DC energy from the solar panels and BESS into AC for seamless
grid integration. During periods of high solar irradiance, the PV system generates excess
electricity, which is stored in the BESS for later use. The inverter converts both the generated
solar energy and the stored energy from the BESS into AC power for grid integration or
local consumption. On days with high solar availability, the system prioritizes charging
the battery and supplying surplus energy to the grid. In contrast, during periods of low
solar generation or high energy demand, the BESS discharges stored energy to support grid
stability or meet load requirements. This dispatch strategy optimizes the balance between
generation, storage, and consumption, enhancing overall system efficiency and reducing
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dependency on the main grid. Figure 6 illustrates the proposed battery management
strategy on sunny days, divided into four distinct phases. Phase I (nighttime) relies on grid
import and battery discharge to meet demand due to the absence of solar generation. Phase
II (morning/evening) sees low PV generation, with partial grid reliance and initial battery
charging. Phase III (transition to peak) marks a rapid increase in PV power, reducing grid
dependence and enabling significant battery charging. Phase IV (midday peak) maximizes
PV utilization, prioritizing load supply and battery charging while minimizing grid imports.
This strategy, as shown in Figure 6, optimizes energy flow, enhancing self-sufficiency and
cost-effectiveness.
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Recently, lithium-ion (Li-ion) batteries have been the most widely used option for
residential battery energy storage. Known for their high energy density, efficiency, and
relatively compact size, Li-ion batteries have become the preferred choice for homeowners
seeking to store excess energy generated from renewable sources like solar power. These
batteries offer advantages such as long cycle life, fast charging capabilities, and low main-
tenance requirements, making them ideal for integration with residential energy systems
focused on sustainability and self-sufficiency [48]. However, as of today, Li-ion batteries
remain relatively costly, and the release of toxic chemicals and heavy metals into the en-
vironment during manufacturing and disposal raises concerns about their sustainability.
These environmental and economic challenges highlight the need for continued research
into alternative materials and recycling methods to improve the long-term viability of
Li-ion technology in residential and commercial energy storage [49]. Hence, second-life
batteries present a promising alternative for energy storage in power grid applications,
addressing both the environmental and financial drawbacks associated with traditional
batteries. By repurposing batteries from electric vehicles or other uses, second-life batteries
extend the useful life of battery materials and reduce waste, thereby contributing to a more
sustainable energy infrastructure. This approach not only offers a cost-effective solution for
grid-scale energy storage but also supports grid stability and flexibility, aligning well with
the growing demand for renewable energy integration and the transition toward a circular
economy [50].

Figure 7 illustrates energy sharing among different loads utilizing solar photovoltaic
(PV) generation and a battery energy storage system (BESS). The solar PV system serves
as the primary energy source, supplying electricity directly to the loads or storing excess
energy in the BESS for later use. The battery energy storage system acts as a buffer, storing
surplus energy during periods of high solar generation and discharging when solar power
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is insufficient. The energy management system (EMS) regulates energy flow between the PV
system, BESS, and various loads, ensuring optimal power distribution, load balancing, and
grid stability. This energy-sharing mechanism enhances the self-consumption of renewable
energy, reduces dependence on the utility grid, and improves overall system efficiency
and reliability. The figure illustrates electricity flow within the EMS. The grid supplies
Load 1 and Load 2, while the PV panel and battery power Load 1, reducing grid reliance.
Bidirectional energy exchange allows battery charging/discharging and grid interaction,
ensuring optimal energy distribution.
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The investigation indicates that hybrid energy storage systems (HESS) exhibit greater
economic efficiency than single-type battery energy storage systems (BESS). Notwithstand-
ing their considerable potential and capabilities, the energy storage system (ESS) business
has substantial financial obstacles. As an emerging technology, there are few established
instances of cost recovery, leading to investor apprehension owing to the inherent vulnera-
bilities and dangers. Moreover, power grid operators fail to fully recognize the technology’s
capacity to efficiently incorporate intermittent renewable energy resources (RER) into the
grid and provide critical ancillary services. To address these difficulties, further research is
necessary to improve the technical maturity of ESS and bolster investor trust. In addition to
budgetary constraints, it is essential to focus on the dynamic needs of different load types,
such as unbalanced, nonlinear, and pulse loads, while using energy storage systems (ESS).
Moreover, researchers must concentrate on the collaborative design of distributed hybrid
energy storage systems (HESS) and local controllers, which is essential for the smooth
integration of photovoltaic (PV) systems into the grid and for guaranteeing efficient and
dependable operation.

In a distributed generation (DG) system incorporating multiple energy sources, such as
renewable energy sources (RES) and other distributed generators, power electronic devices
play a crucial role in ensuring efficient power conversion and seamless grid integration.
These systems require careful coordination, with grid-connected inverters acting as key
components to ensure smooth resource management and stable integration into the utility
grid. Grid-connected inverters serve a dual function: they convert DC power generated by
renewable energy sources (RES), such as photovoltaic (PV) panels, into AC power while
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ensuring synchronization with grid parameters. This enables efficient energy transfer,
supports the grid by managing power quality, and helps to meet demand. Additionally,
DC–DC converters play a critical role in regulating the DC power from PV panels. These
converters maintain optimal operating points, such as maximum power point tracking
(MPPT) for PV systems, ensuring reliable conditioning of the generated power before it
interfaces with the grid. Together, these converters and inverters create a seamless interface
between the distributed generation (DG) system and the grid, contributing to stable power
flow, voltage regulation, and overall system efficiency. Well-designed power electronic
systems are essential for managing multiple energy sources, enhancing system reliability,
and supporting a flexible and resilient grid [51–53].

Wide-bandgap devices, which use materials such as silicon carbide (SiC) and gallium
nitride (GaN), offer several advantages over traditional silicon (Si) in power electronics,
including greater voltage breakdown capability, higher switching frequencies, and similar
carrier mobility. These materials also feature a larger energy bandgap and superior thermal
conductivity, making them highly suitable for high-power, high-efficiency applications.
The increased voltage breakdown capability allows SiC and GaN devices to handle higher
voltages, while their high switching frequencies improve efficiency and reduce component
size in power systems. The larger energy bandgap and enhanced thermal properties enable
these devices to operate reliably at higher temperatures, which is particularly advantageous
in compact, high-density designs like those found in renewable energy and electric vehicle
applications.

In power grid systems, selecting the appropriate converter type is essential for op-
timizing performance, efficiency, and reliability. Each converter type is evaluated based
on specific performance parameters that impact energy transfer and grid integration. Effi-
ciency is a primary consideration, as it determines how much input power is effectively
converted and delivered without loss, minimizing wasted energy as heat. High efficiency
reduces operational costs, extends equipment life, and maximizes energy utilization, which
is especially crucial in renewable energy systems. Power density is another critical factor,
reflecting the converter’s ability to handle high power within a compact form factor. Con-
verters with high power density are advantageous in applications with limited space, like
rooftop solar installations or electric vehicles, where balancing size and performance is vital.
They also facilitate system scalability, allowing more power capacity without increasing
the infrastructure footprint significantly. Switching and conduction losses are equally
important, as they directly affect the thermal performance and overall energy efficiency of
the system. Minimizing these losses reduces heat generation, which in turn lowers cooling
requirements and enhances converter lifespan. Thermal management is critical as well,
particularly in high-power applications, since excessive heat can degrade performance and
damage components. By considering these parameters, engineers can select converter types
that best meet application-specific requirements, balancing each type’s unique advantages
and trade-offs to achieve reliable, efficient, and cost-effective power grid systems [54,55].

Figure 8 illustrates a grid-connected photovoltaic (PV)-based inverter system, detailing
the components involved in integrating solar energy into the utility grid. The PV array
generates DC electricity, which is optimized by a maximum power point tracking (MPPT)
controller to maximize output. The DC–DC converter adjusts the voltage before the energy
is converted by the inverter into AC power suitable for the grid. A filter circuit ensures
power quality by reducing harmonic distortions. The energy management system (EMS)
controls the power flow between the PV system, inverter, grid, and load to ensure stability
and efficiency. This system enhances the utilization of renewable energy, supporting grid
stability and efficient energy distribution. Figure 8 has two different topologies: (a) Inverter
with Transformer: This topology includes a high-frequency link converter and a low-
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frequency transformer, providing galvanic isolation to enhance safety and reduce leakage
currents. However, it increases system size, weight, and cost. (b) Transformer-less Inverter:
Eliminates the transformer, resulting in a more compact, efficient, and cost-effective system.
However, it requires advanced modulation techniques and clamping circuit design to
mitigate leakage currents and ensure safe operation.

Energies 2025, 18, x FOR PEER REVIEW 12 of 82 
 

 

 

Figure 8. Schematic diagram of grid-connected PV-based inverter system. 

Grid-connected PV inverters have traditionally focused on maximizing active power 
output from PV modules, ensuring that the maximum available solar energy is converted 
to grid power. However, in light of evolving energy demands and grid dynamics, grid 
stability is increasingly supported by PV inverters offering auxiliary services—functions 
that go beyond power generation to assist in grid stability and operational resilience. 
These services can include voltage regulation, reactive power support, frequency control, 
and fault ride-through capabilities, which help balance grid conditions during fluctua-
tions in power generation and load demand. In order to support these functions, interna-
tional standards are now evolving to require that grid-connected PV inverters incorporate 
auxiliary services that enhance the stability and integrity of the utility grid. These stand-
ards are aimed at ensuring that PV inverters actively contribute to maintaining a balanced 
power system, particularly in grids with high penetration of renewables, where fluctua-
tions in solar generation can be significant. Technological advancements in PV inverter 
design reflect these changes, with next-generation inverters offering higher efficiency, en-
hanced power density, and greater reliability to better support both active power genera-
tion and auxiliary grid services. High-efficiency designs not only improve energy utiliza-
tion but also reduce losses, contributing to overall system longevity and reduced opera-
tional costs. By including auxiliary functions, these advanced PV inverters can play a more 
integrated role in modern power systems, supporting a stable, resilient, and efficient grid 
[56]. 

The contributions of this paper are indeed significant in advancing the understand-
ing and development of grid-connected solar PV systems. By addressing both technical 
and economic factors, the paper provides a well-rounded view of current solar PV tech-
nologies and paves the way for future innovations. Its comprehensive analysis of PV pan-
els, inverter topologies, energy storage impact, and regulatory frameworks offers valuable 
insights into enhancing grid stability, efficiency, and cost-effectiveness. Additionally, the 
exploration of future technologies and industrial applications highlights potential paths 

Figure 8. Schematic diagram of grid-connected PV-based inverter system.

Grid-connected PV inverters have traditionally focused on maximizing active power
output from PV modules, ensuring that the maximum available solar energy is converted
to grid power. However, in light of evolving energy demands and grid dynamics, grid
stability is increasingly supported by PV inverters offering auxiliary services—functions
that go beyond power generation to assist in grid stability and operational resilience. These
services can include voltage regulation, reactive power support, frequency control, and fault
ride-through capabilities, which help balance grid conditions during fluctuations in power
generation and load demand. In order to support these functions, international standards
are now evolving to require that grid-connected PV inverters incorporate auxiliary services
that enhance the stability and integrity of the utility grid. These standards are aimed at
ensuring that PV inverters actively contribute to maintaining a balanced power system,
particularly in grids with high penetration of renewables, where fluctuations in solar
generation can be significant. Technological advancements in PV inverter design reflect
these changes, with next-generation inverters offering higher efficiency, enhanced power
density, and greater reliability to better support both active power generation and auxiliary
grid services. High-efficiency designs not only improve energy utilization but also reduce
losses, contributing to overall system longevity and reduced operational costs. By including
auxiliary functions, these advanced PV inverters can play a more integrated role in modern
power systems, supporting a stable, resilient, and efficient grid [56].
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The contributions of this paper are indeed significant in advancing the understanding
and development of grid-connected solar PV systems. By addressing both technical and
economic factors, the paper provides a well-rounded view of current solar PV technologies
and paves the way for future innovations. Its comprehensive analysis of PV panels, inverter
topologies, energy storage impact, and regulatory frameworks offers valuable insights into
enhancing grid stability, efficiency, and cost-effectiveness. Additionally, the exploration of
future technologies and industrial applications highlights potential paths for sustainable
growth and technological advancement in the solar energy sector. The following is a
summary of the main contributions and objectives of this paper:

(1) Techno-Economic Analysis of Renewable based Grid Architectures: An evaluation
of AC, DC, and smart grids focuses on their costs, efficiency, stability, and scalability.
Smart grids, augmented by AI and IoT, refine energy management, guaranteeing
economical and sustainable integration of renewables.

(2) Innovations in a Renewable-Driven World: Innovations in a renewable-driven world
include advanced solar PV systems, energy storage systems, and smart grids. Tech-
nologies like digital twins, AI, machine learning, and blockchain enhance energy
optimization, predictive maintenance, and secure energy transactions, driving the
transition to sustainable energy.

(3) Challenges in PV integration to the Grid: PV integration challenges include intermit-
tency, voltage fluctuations, frequency instability, harmonics, reverse power flow, grid
congestion, and the need for energy storage and infrastructure upgrades to ensure
stable operation.

(4) Role of Regulatory Bodies and Grid Codes: Reviews the involvement of both local
and international regulatory bodies in establishing grid codes aimed at address-
ing challenges specific to grid-connected solar PV systems, such as stability and
compatibility issues.

2. Modern Power Grids: Challenges and Innovations in a
Renewable-Driven World
2.1. Introduction

In conventional power systems, the generation of electricity largely relies on extensive
thermal power plants, such as those fueled by coal, natural gas, and nuclear energy. The
significant increase in greenhouse gas emissions in recent years has resulted in numerous
harmful effects on the environment. Consequently, carbon reduction is a significant topic
for all countries. These energy resources are non-renewable and will not be accessible in
the future. These plants generate energy at a central site, which is subsequently delivered
to consumers via comprehensive, structured transmission and distribution systems. The
centralized architecture of these systems facilitates the synchronized oversight of genera-
tion, transmission, and distribution, all overseen by system operators. The operators are
essential for maintaining reliable and stable power delivery. They engage in various tasks,
including regulating the energy market, managing real-time energy needs, committing
units to satisfy demand, controlling power flow to avoid bottlenecks, and implementing
protection strategies to shield the grid from faults. This conventional method has proven
successful over the years, consistently supporting energy systems and ensuring operational
stability. However, it now encounters significant challenges in today’s rapidly evolving
energy landscape, where the integration of renewables, variable supply and demand, and
technological advancements require more adaptable, efficient, and resilient approaches.
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The growing incorporation of renewable energy sources, such as wind, hydro, biomass,
solar, and geothermal which are inherently decentralized and variable, presents challenges
for the conventional model to keep pace. The centralized framework does not possess the
necessary flexibility to effectively manage these intermittent sources, resulting in challenges
when attempting to respond quickly to supply fluctuations. Moreover, with the increasing
energy demands fueled by technological progress and the emphasis on sustainability, there
is an escalating necessity for more robust and flexible grid solutions capable of addressing
current energy needs while integrating clean, renewable resources. The conversion of
renewable resources into electrical energy is beneficial for the environment, highlighting
the significance of carbon reduction in contemporary societies. It is essential for both the
government and consumers to implement strategies to address the escalating issue of
greenhouse gas emissions in our interconnected world. In pursuit of this objective, the
United Nations Framework Convention on Climate Change (UNFCCC) was concluded in
2016 [57]; this framework addresses key challenges outlined in the Paris Climate Agreement,
including the mitigation of greenhouse gas emissions, adaptation to climate impacts,
and the mobilization of financial resources [58]. Additionally, the objective is to restrict
global warming to significantly below 2 ◦C, ideally to 1.5 ◦C, in relation to pre-industrial
levels [58–60].

In the last twenty years, many countries have integrated renewable energy sources,
especially photovoltaic (PV) and wind power, into their energy infrastructures. These
renewable sources offer substantial environmental benefits, such as reducing greenhouse
gas emissions and dependency on fossil fuels, which are both finite and polluting. Recent
advancements have made these technologies more accessible and economically viable.
Installation costs have decreased significantly, thanks to technological progress and in-
creased production scale, making renewables a competitive option for energy generation.
Additionally, improvements in the efficiency of solar panels and electrical energy conver-
sion systems have enhanced the performance and reliability of renewable energy systems.
As a result, the integration of renewable energy sources is becoming a key component
of global energy strategies, contributing to more sustainable, resilient, and diversified
energy systems [61]. The combination of renewable generation with battery energy storage
systems (BESS) integration into the electrical grid has emerged as a highly effective solution
for enhancing the stability and resilience of energy supply. The drive towards achieving
the “smart grid” vision has seen considerable progress in recent years, primarily fueled by
policy reforms and regulatory initiatives focused on the advancement and deployment of
essential technologies. These initiatives frequently emphasize improving grid reliability,
minimizing environmental impacts, and incorporating renewable energy sources such
as wind and solar power. Regulatory bodies globally are vigorously advocating for the
adoption of smart grid technologies, including advanced metering infrastructure (AMI),
grid automation, and demand response, to address increasing energy demands and en-
hance grid resilience. Furthermore, financial support and incentives for innovation in
sectors such as energy storage, electric vehicle integration, and cybersecurity are driving
the implementation of these advanced grid technologies, contributing to the establishment
of a more adaptable, efficient, and sustainable energy framework [62–64].

2.2. Architectures of Power Grid
2.2.1. Conventional Grid

The power grid is a highly complex and essential piece of infrastructure of contem-
porary society, showcasing an extraordinary achievement in engineering. This system
facilitates the effective transmission of electricity produced at centralized sites to a wide
range of facilities, industries, and residential users across extensive distances. This intricate
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system, commonly known as an electrical power web, consists of a comprehensive frame-
work of interconnected elements, such as generating facilities, transformers, high-voltage
transmission lines, distribution lines, substations, and end users. A key characteristic of this
system is the distinct separation between power generation locations and significant load
centers, like urban areas, which can be situated hundreds of kilometers from the generation
facilities. The grid effectively spans this distance by employing high-voltage transmission
lines, which are designed to reduce power losses and guarantee that electricity is delivered
to demand centers with reliability. Electricity travels from generation to consumption,
with transformers serving an essential function by increasing voltages for effective long-
distance transmission and subsequently reducing them for safe distribution to local users.
The interconnection of diverse power sources, along with the balancing of supply and
demand across different regions, contributes to the stability, flexibility, and resilience of
the energy supply. This centralized structure facilitates economies of scale, guaranteeing
that extensive populations and industries maintain reliable access to electricity, despite
variations in demand [65]. Figure 9 illustrates a conventional power grid, depicting the
flow of electricity from centralized generation sources through transmission lines to distri-
bution networks, and finally to end users. The system consists of power generation plants
(e.g., fossil fuel, nuclear, or hydroelectric), which produce electricity that is transmitted via
high-voltage transmission lines to reduce energy losses over long distances. The electricity
is then stepped down to lower voltages through transformers before being distributed to
consumers via distribution lines. This grid structure relies on centralized generation and
typically operates in a one-way flow of electricity, from the power plants to the consumers.
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2.2.2. AC Microgrid

In recent years, microgrid (MG) research, development, and deployment have pro-
gressed rapidly, with a strong focus on enhancing control, protection, operation, and
planning strategies. These advancements aim to improve the performance and resilience of
MGs, especially as they integrate more renewable energy sources and distributed energy
resources (DERs) [66]. Microgrids, powered by a mix of renewables and BESS, provide
several key benefits. First, they improve energy independence by allowing communities
and facilities to generate, store, and manage their power without relying on bulk energy
grids. This autonomy is invaluable for areas where grid connectivity is costly or difficult
to maintain. Second, a BESS ensures that renewable energy generated during periods of
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low demand can be stored and used later, smoothing out the intermittent nature of sources
like solar and wind and ensuring a continuous power supply [67]. During peak hours or
grid outages, microgrids can automatically isolate themselves and supply stored energy
to critical loads, enhancing grid reliability and resilience. Furthermore, renewable-based
microgrids with BESS support sustainability goals by minimizing reliance on fossil fuels,
reducing greenhouse gas emissions, and promoting energy efficiency. In urban settings,
microgrids help alleviate the load on centralized grids by providing additional capacity,
which supports grid stability and may also reduce costs related to grid expansion and
maintenance. As renewable technology and battery storage costs continue to decline, the
potential for microgrids to become widespread solutions for both urban and rural energy
challenges is growing, paving the way for a more sustainable and decentralized energy
future [68]. Moreover, microgrids (MGs) are gaining increasing interest as a solution to
enhance reliability and security. The integration of renewable energy sources and battery
energy storage systems (BESS) within microgrids (MGs) offers a significant advantage [69].
Figure 10 illustrates the architecture of a microgrid, consisting of distributed energy re-
sources (DERs) such as solar PV, wind turbines, and battery energy storage systems (BESS),
along with a microgrid controller that manages energy flow. The system can operate in
grid-connected or islanded mode, ensuring efficient energy management for local loads.
This architecture highlights the microgrid’s flexibility, resilience, and ability to optimize
energy use in decentralized power systems.
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Figure 11 shows the schematic diagram of a microgrid system, integrating distributed
energy resources (DERs) such as solar PV, wind turbines, and battery storage, along
with electric vehicle (EV) charging stations. The system includes a microgrid controller
that manages energy flow between generation, storage, and demand. It can operate
in grid-connected mode, exchanging energy with the utility grid, or in islanded mode,
independently. This diagram highlights the system’s ability to provide reliable, sustainable
energy, including for EV charging, optimizing energy use and resilience.
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2.2.3. DC Microgrid

DC microgrids are attracting considerable interest globally as a viable approach to
improve energy efficiency and integrate renewable energy sources, especially solar photo-
voltaic (PV) systems. In contrast to conventional AC grids, DC microgrids present unique
benefits by minimizing energy conversion losses, given that numerous renewable energy
sources and storage systems, including solar PV and batteries, naturally function in DC.
This alignment reduces the necessity for sophisticated conversions between AC and DC,
enhancing the efficiency of DC microgrids and lowering system costs. The ability of DC
microgrids to facilitate a significant integration of renewable energy sources, while ensur-
ing enhanced stability and reliability, stands out as a primary advantage. By utilizing DC
sources, these systems improve the efficiency of energy transmission and distribution in
localized networks, making them particularly suitable for residential buildings, commercial
facilities, and industrial applications. The integration of battery storage in DC microgrids
provides significant support for load management and acts as a reliable backup during
peak demand or outages, thereby enhancing energy security. Additionally, DC microgrids
improve energy management by enabling seamless integration with modern DC-powered
devices and appliances, such as LED lighting, electric vehicle (EV) chargers, and various
digital electronics, eliminating the need for unnecessary conversions. The flexibility of
DC microgrids positions them as a compelling option for sustainable urban infrastructure
and smart grid applications, aligning effectively with the needs of emerging technologies
and energy efficiency standards. With the increasing interest in DC microgrids, efforts are
being directed toward addressing technical challenges like standardizing voltage levels,
improving interoperability with existing AC systems, and ensuring operational safety.
Advancements in control systems, power electronics, and energy storage position DC
microgrids as essential in the transition to a resilient, low-carbon energy future, facilitating
both decentralized and centralized renewable energy initiatives [70,71].

Although the existing technologies and processes provide a solid foundation, contin-
uous innovation is essential for addressing the changing challenges associated with the
integration of renewable energy sources into power systems. With the increasing prevalence
of renewable energy sources such as solar and wind, their natural variability and intermit-
tency present distinct challenges for ensuring grid stability. Variations in energy generation,
influenced by weather patterns, necessitate the implementation of more sophisticated
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methods for handling uncertainty and forecasting energy availability. Effective power
management presents a significant challenge, given that conventional grids frequently lack
the capability to accommodate the decentralized and dynamic characteristics of renewable
energy sources. Integrating these sources necessitates innovative strategies for energy
storage, adaptable demand management, and continuous monitoring. Advanced control
systems, predictive algorithms, and digital twin technology can enhance grid management
through simulation scenarios and performance optimization across diverse conditions.
Through advancements in these domains, the power sector has the potential to create more
robust and flexible grids that effectively incorporate renewable energy sources, guarantee-
ing a stable, reliable, and sustainable energy supply for the future [72]. Figure 12 illustrates
the DC microgrid architecture, where direct current (DC) energy is generated, stored, and
distributed to local loads. The system includes DC–DC converters, solar PV arrays, and en-
ergy storage systems (ESS), all interconnected through a DC bus. The microgrid controller
manages the flow of energy, optimizing system performance and load management. This
architecture highlights the efficiency of DC microgrids, particularly in reducing conversion
losses and supporting renewable energy integration.
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2.2.4. Smart Grid

The smart grid concept aims to enhance the conventional electric power grid through
the integration of sophisticated automatic control, communication technologies, and in-
formation systems, including internet-based approaches. This comprehensive strategy
merges various processes, information pathways, energy frameworks, devices, and mar-
ket dynamics, forming a synergistic system that enhances the generation, transmission,
distribution, and consumption of electricity, ultimately leading to improved economic
and operational efficiency. The smart grid fundamentally facilitates real-time monitoring
and bidirectional control of power flows, enabling the movement of electricity and data
to and from the end user. Digital monitoring facilitates the flow of data from generation
points to consumer endpoints, enabling remote access and offering a comprehensive view
of grid operations on a global scale. This digital connectivity reduces faults and human
errors, enabling remote fault detection and prompt response to any issues that may occur,
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thereby enhancing reliability and decreasing downtime. The integration of communication
and computer layers enhances the intelligence of the traditional generation, transmission,
and distribution layers. This comprehensive strategy enhances the adaptability, efficiency,
and resilience of the power grid, enabling it to respond to changing energy demands,
incorporate renewable resources, and accommodate emerging technologies like electric
vehicles and distributed energy systems [73,74].

The smart grid, as outlined by the IEEE [73,74], is a multifaceted “system of systems”,
consisting of three essential layers within each domain.

The Energy and Power Layer: This layer encompasses the components of genera-
tion, transmission, and distribution, establishing the essential framework for the flow of
electricity.

The Communication Layer: This layer connects the grid’s components, facilitating
seamless data exchange between devices and systems, which enables real-time monitoring
and control.

The Computer Layer: This layer enhances computing capabilities, enabling the grid to
become more intelligent through data analysis, automated decision-making, and increased
operational accuracy.

Figure 13 illustrates the comparison between the traditional grid and the smart grid,
emphasizing differences in key aspects such as structure, energy sources, efficiency, reliabil-
ity, consumer interaction, cost, and environmental impact. The traditional grid operates
in a centralized manner, primarily relying on fossil fuel-based generation with limited
consumer involvement and lower efficiency. In contrast, the smart grid is decentralized,
facilitates the integration of renewable energy sources, and incorporates advanced technolo-
gies for real-time monitoring and control. This enables improved efficiency, reliability, and
consumer engagement, while also reducing operational costs and environmental impact.
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Table 2 provides a comparative analysis of electricity prices, the levelized cost of elec-
tricity (LCOE) for solar PV, the share of renewable energy in the total electricity generation,
grid parity status, and CO2 emissions intensity across selected countries. The data high-
lights the economic feasibility of solar PV integration, its competitiveness with conventional
grid electricity, and its potential impact on decarbonization efforts. Understanding these
factors is crucial for assessing the role of solar PV in achieving sustainable and cost-effective
energy transitions globally.

Table 2. Electricity Prices, Solar PV LCOE, Renewable Energy Share, Grid Parity Status, and CO2

Emissions Intensity in different countries [11,75,76].

Country
Average

Electricity Price
(USD/kWh)

Solar PV
Levelized Cost
of Electricity
(USD/kWh)

Renewable
Energy Share

(%)

Grid Parity
Status

CO2 Emissions
Intensity

(kg CO2/kWh)

Australia 0.22 0.041 32 Yes 0.58

China 0.08 0.037 28 Yes 0.70

France 0.19 0.062 23 Yes 0.05

Germany 0.34 0.080 46 Yes 0.42

India 0.08 0.037 22 Yes 0.75

Italy 0.21 0.046 38 Yes 0.30

Japan 0.23 0.074 18 No 0.47

South Korea 0.13 0.074 6 No 0.51

Spain 0.24 0.046 44 Yes 0.39

United Kingdom 0.21 0.058 37 Yes 0.23

United States 0.15 0.058 20 Yes 0.53

Brazil 0.12 0.050 83 Yes 0.10

Canada 0.10 0.060 65 Yes 0.15

Egypt 0.05 0.040 9 Yes 0.60

Mexico 0.09 0.045 20 Yes 0.45

South Africa 0.14 0.065 11 No 0.90

The swift advancement of electric vehicles, microgrids, energy storage systems, and
AC/DC flexible transmission technologies is leading to a growing complexity and scale
in the smart grid. These advancements present novel opportunities for enhancing effi-
ciency and promoting sustainability, yet they also bring forth considerable challenges. In
the upcoming years, power grids will be required to manage increased variability in de-
mand, incorporate a higher proportion of decentralized and intermittent renewable energy
sources, and maintain stability across a more complex network. This evolution necessi-
tates the development of innovative solutions for grid management, the implementation
of enhanced cybersecurity measures, and the strengthening of grid resilience to ensure
reliable and efficient energy delivery. The integration of cloud computing, big data, the
Internet of Things (IoT), mobile communication, and artificial intelligence into advanced
power equipment and control systems offers a promising outlook for the smart grid (SG).
These technologies provide substantial capabilities to address the complexities of modern
power grids, enabling enhanced flexibility, efficiency, and responsiveness in operations.
Facilitating the seamless and reliable integration of both centralized and distributed re-
newable energy resources plays a crucial role in maintaining grid stability and resilience.
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Furthermore, these developments facilitate accurate regulation and management of energy
and power flows, steering the system towards improved performance, increased reliability,
and the capacity to satisfy rising energy demands sustainably [77,78]. Nonetheless, when
models derived from various foundational approaches are implemented throughout the
smart grid (SG), challenges emerge stemming from the absence of a cohesive model system.
Coordinating multiple models for seamless integration presents significant challenges, and
reuse across systems becomes increasingly complex. In this context, there is an immediate
need for a standardized digital expression method that can precisely depict both physi-
cal and virtual assets throughout the grid. This method would facilitate accurate digital
mapping, ensuring reliable and precise representations of everything from single power
devices to the complete power grid. Figure 14 illustrates the architecture of a smart grid,
highlighting key components such as distributed energy resources (DERs), smart meters,
and a communications network. The system enables two-way communication between
consumers, utilities, and energy resources, allowing for optimized energy distribution,
real-time monitoring, and automated control. The integration of renewable energy, battery
storage, and demand response programs enhances energy efficiency, grid resilience, and
consumer participation, promoting a more sustainable and reliable energy system.
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Digital twin (DT) technology facilitates the seamless connection between the physical
and virtual realms, offering a robust framework for the intelligent representation and
interaction of products. Digital twin technology was first introduced by Michael Grieves
in 2015 and gained recognition as a transformative strategic technology by 2018, noted
for its extensive applications across various industries. A digital twin constructs a virtual
representation that reflects a physical system, facilitating real-time observation, evaluation,
and enhancement. Digital twin (DT) technology, initially developed for aerospace applica-
tions, has quickly broadened its reach into sectors such as manufacturing, petrochemicals,
automotive, smart cities, and the power industry. In manufacturing, digital twins improve
production efficiency and quality control, while the petrochemical and power industries
use them for equipment monitoring and safety management. In the automotive sector,
digital twins play a key role in vehicle testing and design optimization. In the context
of smart cities, digital twins are employed to simulate and manage infrastructure and
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resources, supporting sustainable urban planning, enhancing decision-making, enabling
predictive maintenance, and improving operational efficiency [79–81]. In addition, several
major industrial enterprises are actively working on developing digital replicas of power
grids. Companies like General Electric (GE, based in Boston, MA, USA) [82] and Siemens
(headquartered in Munich, Germany) [83] are leading initiatives to create digital twins for
power systems. These digital replications enable real-time monitoring, predictive analysis,
and optimization of power grid operations, supporting increased efficiency, reliability, and
resilience. By applying digital twin technology to the energy sector, these companies are
setting the groundwork for smarter, more adaptive power grids that can better meet the
demands of modern energy management and sustainability goals.

Several studies in the existing literature have initiated the exploration and develop-
ment of conceptual designs and applications for digital twin technology. An example
of this is the introduction of a framework that defines the key components of a general
cyber–physical system in [84]. Furthermore, Gehrmann, C et.al, [85] proposes a digital
twin architecture with a strong emphasis on security, aimed at industrial automation and
specifically addressing the secure update process of Programmable Logic Control (PLC)
software. Another example involves a proposal for a cloud-based digital twin model tai-
lored for a cyber–physical system within the social internet of vehicles, emphasizing driving
assistance applications. The findings underscore the varied and progressive uses of digital
twins in multiple sectors, pointing to their promise for improved security, connectivity, and
operational efficiency [86]. Figure 15 illustrates the architecture of a smart grid integrated
with digital twin technology. This system combines distributed energy resources (DERs),
such as solar PV and energy storage, with digital twins—virtual models of grid components
that enable predictive analysis and optimization. Smart meters collect real-time data, while
the communications network ensures two-way communication between physical assets,
digital models, and the grid management system. This integration enhances grid efficiency,
reliability, and resilience, enabling better energy distribution, fault detection, and improved
renewable energy integration.
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The development of a real-time virtual replica of a physical PV system using digital
twins facilitates advanced monitoring, predictive maintenance, and enhanced efficiency,
greatly simplifying the integration of renewable energy into power grids. Through the
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replication of system performance data, digital twins facilitate the early detection of issues,
allowing for proactive maintenance that reduces downtime and prolongs system longevity.
Accurate energy forecasting is supported through the analysis of weather patterns and
historical data, which assists grid operators in balancing supply and demand to achieve
greater stability. Furthermore, digital twins enable the integration of the grid and demand
response by synchronizing PV output with various energy resources, thereby improving
resilience. These tools facilitate the simulation of design modifications, leading to cost
reductions and enhanced strategies for system expansion. Digital twins enhance the relia-
bility and productivity of solar energy, facilitating a more seamless transition to sustainable
power [87].

Furthermore, many researchers and professionals are developing predictive models to
modernize the power system, emphasizing the application of machine learning (ML) for
managing large-scale data. The capability of machine learning to scrutinize large datasets
and uncover concealed patterns, trends, and anomalies presents considerable benefits
compared to conventional approaches. The integration of digital twin technology with
machine learning facilitates real-time monitoring, analysis, and optimization of power
systems, resulting in improved grid operations and energy management. By integrating
both historical and real-time data, machine learning techniques enhance the efficiency
of power generation, distribution, and consumption processes. A variety of machine
learning methods, including supervised and unsupervised learning, neural networks, and
reinforcement learning, are increasingly being applied to optimize the performance of
power systems and smart grids. Table 3 represents the different types of machine learning
and digital twin algorithms utilized in smart grid systems.

Table 3. Types of machine learning/digital twin algorithms in smart grid system.

Supervised Unsupervised Neural Networks Reinforcement Learning

Decision Tree Classifier
(DTC) [88]

Modified Mutual
Information (MMI) [89]

Factored Conditional
Restricted Boltzmann

Machine’s (FCRBM) [90]

Model-Free Reinforcement
Learning (RL) [91]

Logistic Regression [92] K-Means Clustering [93]
Modified

Teaching-Learning
Algorithm (MTLA) [94]

Proximal Policy
Optimization (PPO) [95]

Support Vector Machines
(SVM) [96]

Hidden Markov Model
(HMM) [97]

Temporal Convolution
Network (TCN) [98]

Interpretable Machine
Learning [99]

Naïve Bayes (NB) [100] Principle Component
Analysis (PCA) [101]

Long-Short Term Memory
(LSTM) [102]

K-Nearest Neighbor
(KNN) [103] Ensemble Learning [104]

Stacked Denoising
Auto-Encoders with

Support Vector Regression
(SVR) [105]

Figure 16 illustrates the relationship between cyber–physical systems (CPS) and digital
twin technology. In this framework, CPS refers to the integration of physical processes
with computational models, enabling real-time monitoring and control. Digital twin
technology enhances CPS by creating virtual replicas of physical assets, allowing for
simulation, analysis, and predictive maintenance. The interaction between CPS and digital
twins facilitates improved system performance, real-time decision-making, and optimized
operations by providing continuous data feedback and enabling predictive insights into
the behavior of physical components.
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Digital twin (DT) technology has revolutionized the energy and transportation sectors,
providing novel avenues for efficiency, sustainability, and innovation. Initially developed
for aerospace applications, DT technology has progressed swiftly, facilitating the smooth
incorporation of distributed energy resources, including renewable energy, into current
power grids. Through the development of virtual representations of physical assets, digital
twins offer utilities immediate insights, facilitating proactive management of the grid and
enhancing reliability. In the realm of renewable energy, digital twins are crucial for enhanc-
ing the efficiency of photovoltaic cells and evaluating the economic feasibility of extended
wind farm initiatives. This technology enables sophisticated scenario simulations, such
as those for offshore wind farms and floating solar panels, thereby broadening the range
of renewable energy alternatives accessible to analysts and decision-makers. DTs deliver
precise predictions regarding energy production and expenses, enabling grid operators
and investors to make informed, data-driven choices about resource allocation and energy
distribution. In the realm of transportation, DT technology presents significant avenues
for exploration, especially in enhancing electric vehicle (EV) systems. Through the devel-
opment of a dynamic model of an EV, digital twins enable manufacturers and analysts to
examine critical performance aspects, including battery health, charging efficiency, and
overall system reliability. Digital twins are capable of forecasting battery degradation over
time, managing intelligent battery systems, and simulating the impact of innovative battery
materials on performance. These capabilities allow electric vehicle developers to refine de-
signs, improve safety, extend battery life, and enhance energy efficiency. As a result, digital
twin technology is playing a pivotal role in advancing the transition to more sustainable
transportation by providing reliable and optimized electric vehicle solutions. Although it
holds significant promise, DT technology continues to encounter various obstacles. The
intricacies of managing data, ensuring secure storage, and safeguarding information are
considerable, as digital transformation systems necessitate substantial amounts of data
from various sources to function optimally. Moreover, creating an accurate digital replica
of a physical asset and dynamically adjusting its virtual parameters to reflect real-time
changes in the physical system remains a complex and challenging task. Ensuring data
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accuracy, synchronizing information across systems, and safeguarding cybersecurity are
all vital domains that require continuous investigation and advancement. Nonetheless,
the capability of DT technology to accurately model intricate systems has demonstrated
its significant potential for improving the resilience, reliability, and sustainability of en-
ergy and transportation systems. The technology is currently promoting adaptability in
these sectors, facilitating the development of stronger, more efficient infrastructures that
contribute to a sustainable future. As digital twin technology continues to evolve, future re-
search must focus on addressing its limitations, particularly in the areas of data integration,
real-time analytics, and cybersecurity, to fully harness its transformative potential. This
continuous advancement is set to propel additional discoveries in energy efficiency and
sustainable urban infrastructure, establishing DT technology as a fundamental element of
the contemporary, sustainable energy framework [106].

3. Challenges in Solar PV Integration with the Power Grid
3.1. Introduction

Renewable energy sources such as solar and wind are being increasingly utilized to
address global energy needs, owing to their abundant availability and significant poten-
tial [107]. By 2018, the global installed capacity for photovoltaic (PV) systems had reached
488 GW, and wind turbine capacity had climbed to 564 GW [108]. The International Energy
Agency (IEA) 2024 report states that the global installed capacity of solar photovoltaic (PV)
systems has reached 1954.6 GW, and wind energy capacity has expanded to 1127.9 GW.
The data underscore the swift growth of renewable energy sources on a global scale. Fore-
casts suggest that by 2030 solar photovoltaic capacity is anticipated to increase to 6101 GW,
while wind energy is projected to reach 2742 GW. This significant expansion highlights
the growing dependence on renewable sources to satisfy energy needs and fulfil inter-
national climate goals [1]. Solar and wind energy are categorized as variable renewable
energy sources due to their intermittent characteristics and non-dispatchable nature [109].
Nonetheless, advancement in economies of scale and innovation has greatly reduced the
expenses associated with variable renewable energy (VRE) components. The decrease
in price, along with the increasing need to address the environmental consequences of
fossil fuels, has resulted in a higher integration of VRE into the grid. The growing cost-
effectiveness and ecological benefits of VRE position it as a crucial element in contemporary
power systems transitioning to cleaner, more sustainable energy sources [110,111].

In conventional electric utility frameworks, power typically flows in one direction—
from centralized generators to substations and subsequently to consumers. Nonetheless,
the integration of solar power enables bidirectional power flow, presenting new challenges
for distribution networks. The majority of electric distribution systems were not originally
engineered to accommodate two-way power flow, which can result in various challenges.
This is especially clear in long distribution feeder circuits that serve rural or developing
regions, where even minimal photovoltaic (PV) generation can greatly influence system
parameters in the event the load and PV generation are not well aligned. When photovoltaic
generation surpasses local energy demand, excess energy returns through the distribution
feeder and possibly the local substation, increasing the risk of damage to grid infrastructure
and leading to disruptions for other utility customers on the same circuit. The identified
challenges highlight the necessity for enhanced grid management strategies and protective
measures to maintain system reliability and stability. Also, the fluctuations and inherent un-
predictability of renewable energy sources, like solar power, present considerable obstacles
for their integration into electricity grids. The challenges encompass the need to balance
supply and demand, ensure grid stability, manage intermittent generation, and maintain
reliable power quality. Similarly, frequency stability can be affected when the balance
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between supply and demand is disrupted by sudden changes in solar energy output. Fur-
thermore, challenges such as harmonic distortion, flicker, and phase imbalances may affect
power quality, impacting both the utility grid and the equipment utilized by end users.
Successful integration necessitates advanced technologies, strong forecasting techniques,
and flexible grid management approaches to tackle these challenges and fully utilize the
capabilities of renewable energy [112]. The integration of solar grids, although it encour-
ages the adoption of renewable energy, raises certain environmental concerns. Large-scale
solar energy systems can significantly impact the environment, with variations influenced
by the technology employed, geographic location, and additional factors. Utility-scale
solar farms, based on their geographical placement, can lead to land degradation, habitat
loss, and disturbances to local ecosystems. Furthermore, the production and disposal of
solar panels entail the use of hazardous substances, which, if not handled appropriately,
can present environmental dangers. Understanding these potential impacts is crucial for
developing mitigation strategies, including choosing sites to steer clear of sensitive habitats,
encouraging the utilization of already disturbed land, and improving recycling methods
for solar panel materials [113].

Multiple strategies have been suggested to address the variability of photovoltaic (PV)
generation and enhance power stability. One of the initial approaches entails deliberately
decreasing PV plant output during cloudy conditions. Nonetheless, this method leads to
considerable revenue decline, rendering it less appealing. The integration of energy storage
systems (ESS) presents a more effective solution, as it can mitigate power fluctuations while
maintaining the overall energy production of the PV plant [114–116]. The main technologies
for storing energy from renewable sources include hydro-pumped storage, supercapacitors,
and batteries. Hydro-pumped storage demonstrates effectiveness yet faces geographical
constraints, while supercapacitors are notable for their rapid response capabilities but fall
short in large-scale capacity. In contrast, batteries present a compelling alternative. Their
design incorporates modularity, reduces costs, ensures high reliability, enhances efficiency,
and promotes environmental sustainability. Lithium-ion batteries stand out due to their
impressive energy density, extended lifespan, and decreasing costs, positioning them as
optimal solutions for integrating renewable energy.

Solar-grid integration technology facilitates reliable and efficient interaction between
solar power systems and utility grids, optimizing energy management and improving sys-
tem performance. The fundamental components consist of advanced inverters that convert
DC power generated by solar panels into AC for integration with the grid. The inverters
available range from light-duty models (100–10,000 W) suitable for residential installations
to heavy-duty options (10,000–60,000 W) designed for industrial use, incorporating features
such as MPPT, grid voltage regulation, and reactive power compensation. Anti-islanding
technology enhances safety by disconnecting inverters during grid outages, whereas grid-
plant protection secures assets through systems designed for voltage, frequency, and fault
management. Solar-grid forecasting utilizes weather and load prediction models to enhance
solar energy production and maintain grid stability. Smart grids facilitate integration by
enabling bidirectional energy flow, real-time monitoring, demand-response systems, and
advanced metering for net metering, which allows consumers to earn credits for surplus
energy contributed to the grid. This thorough integration encourages the adoption of
renewable energy and facilitates sustainable power generation [117]. The interaction be-
tween solar systems and the grid necessitates that inverter include anti-islanding protection,
which is an essential safety feature. This guarantees that, during a grid outage, the inverter
will automatically stop the power flow to avoid supplying electricity to a de-energized grid.
The implementation of this protection is crucial for ensuring the safety of utility workers,
safeguarding equipment, and maintaining the integrity of the overall grid infrastructure
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against potential hazards that may arise from unintended energy supply during mainte-
nance or faults [118]. Figure 17 highlights the challenges in solar PV integration into the
power grid, emphasizing issues such as intermittency and variability of solar energy, which
can lead to fluctuations in power generation. The diagram also identifies challenges related
to grid stability due to the decentralized nature of solar generation, the need for energy
storage to manage supply–demand mismatches, and the requirement for advanced grid
management systems to handle the dynamic input of renewable energy. Additionally, the
integration process faces technical and economic barriers, including infrastructure upgrades
and the optimization of solar power forecasting. These challenges must be addressed to
ensure reliable and efficient solar PV integration into the grid.
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3.2. Voltage Fluctuations

Voltage fluctuation presents a significant challenge when integrating solar PV systems
into the electrical grid, as it is crucial to maintain stable voltage levels for ensuring grid
reliability and safety. In traditional grid networks, voltage is meticulously regulated to stay
within defined parameters. The variable nature of solar PV power generation introduces
complexities, with changes in sunlight intensity resulting in rapid fluctuations in power
output. Furthermore, certain solar PV inverters function with a low power factor, indicating
that they either consume or supply reactive power in an inefficient way, potentially leading to
further instability in grid voltage levels. The demand for reactive power in PV systems can
intensify this problem, especially during times of elevated solar generation or reduced energy
consumption. Voltage fluctuations caused by these factors can lead to various negative conse-
quences, such as harm to delicate equipment, decreased operational efficiency, and possible
safety risks for both the grid infrastructure and end users. For example, high voltage levels
can cause equipment to overheat, whereas low voltage can negatively affect the perfor-
mance of appliances and industrial machinery. To address these challenges, advanced
voltage regulation strategies and technologies are utilized. Voltage regulators actively
modify voltage levels in real time to align with grid demands, thereby maintaining stability.
Voltage stabilizers mitigate brief fluctuations in voltage to safeguard attached equipment.
Furthermore, reactive power compensators, including static VAR compensators (SVC) and
static synchronous compensators (STATCOM), are employed to regulate reactive power
flow, thereby improving voltage control and strengthening grid resilience. The integration
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of these solutions with smart grid technologies and advanced control systems facilitates
improved management of voltage fluctuations, allowing for the seamless incorporation of
solar PV systems into the grid while maintaining reliability and safety. Figure 18 illustrates
voltage fluctuations caused by various factors within the power grid. These fluctuations
can result from load variations, solar PV generation intermittency, faults or disturbances
in the grid, and reactive power imbalances. The diagram highlights that these factors can
lead to voltage sags, surges, or transients, potentially affecting grid stability and reliability.
Managing these fluctuations requires advanced control strategies and real-time monitoring
to maintain voltage stability and prevent disruptions in grid operations.
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3.3. Output Power Prediction

Conventional electricity grids predominantly encounter operational uncertainties
stemming from the demand side, as energy consumption patterns fluctuate due to influ-
ences such as user behavior, time of day, and economic activity. Nonetheless, the incorpora-
tion of renewable energy resources, including solar photovoltaic systems, fundamentally
changes this dynamic by introducing considerable uncertainties on both the demand and
generation fronts. On the generation side, climatic factors such as temperature and solar
irradiation significantly influence the output of PV systems. The intensity of sunlight, the
presence of cloud cover, and variations in temperature all play a crucial role in determining
the energy output of solar panels, resulting in inconsistencies and unpredictability in the
power supply. A sudden drop in solar irradiation caused by cloud cover can lead to a
swift decrease in PV generation, posing challenges for grid operators in maintaining a bal-
ance between supply and demand. The presence of dual sources of uncertainty—demand
variability and generation intermittency—necessitates the implementation of advanced
forecasting tools, strong grid management strategies, and adaptable energy systems to
guarantee reliable operation. Solutions include real-time monitoring, predictive algorithms
for solar output, and the integration of energy storage systems to buffer fluctuations and
stabilize the grid [119–122].

Irradiance denotes the energy impacting a unit horizontal area for a specific wave-
length interval over a given time, playing a vital role in the performance of solar PV
panels [123]. The performance of photovoltaic panels is closely associated with solar
energy, or solar irradiance, which can fluctuate significantly due to various influencing
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factors [124]. Factors such as weather conditions, including cloud cover and atmospheric
pollution, seasonal variations that influence the duration and intensity of sunlight, geo-
graphical location that dictates the amount of sunlight a region receives, and the time of
day, which affects sunlight intensity due to the sun’s movement across the sky, are all
significant considerations [125]. Fluctuations in solar irradiance are particularly evident
at higher time resolutions, notably at the sub-second level, where swift changes can arise
from transient clouds or atmospheric disturbances [126]. The position of the sun changes
throughout the day as a result of variations in solar altitude and azimuth, influencing
the angle of incidence and, consequently, the amount of irradiance received by the PV
panel. Notably, any deviation from the direct component of solar irradiation results in an
efficiency loss of approximately 0.08% per degree of deviation. This variability necessitates
the implementation of effective tracking systems and energy management strategies to
mitigate performance degradation and optimize the overall efficiency and reliability of
solar PV systems [127]. Figure 19 presents the various factors affecting solar PV power
generation, including solar irradiance, temperature, dust accumulation, tilt angle, and
shading. These factors influence the efficiency and output of solar panels. Variations in
solar irradiance and temperature can lead to changes in power generation, while dust and
shading can further reduce the amount of energy produced. Optimizing these factors is
crucial for improving the performance and reliability of solar PV systems.
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The efficiency of electricity generation in photovoltaic panels is greatly affected by
the temperature of the modules [128]. With increasing temperatures, there is a notable
decline in electrical efficiency, as photovoltaic modules are only capable of converting 20%
of solar energy into electricity, while the remaining 80% is lost as heat [129]. In the absence
of external cooling mechanisms, a temperature rises of 1 ◦C results in an efficiency loss
ranging from 0.03% to 0.05%. The temperature of the module has a significant impact on the
bandgap energy of the photovoltaic cell material, which diminishes in high-temperature
environments. The reduction facilitates the cell’s ability to absorb longer wavelength
photons and enhances the lifetime of minority carriers, resulting in a modest increase in
the light-generated current (ISC).
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Figure 20 illustrates the variation in solar PV power generation due to cloud cover
and temperature changes. The diagram highlights how cloud cover can cause intermit-
tent power fluctuations by blocking sunlight, leading to rapid changes in energy output.
Additionally, increased temperature leads to a decline in solar panel efficiency, further
influencing the power generation. These factors emphasize the importance of accounting
for weather conditions in optimizing solar PV system performance. The current-voltage
(I-V) characteristics of a photovoltaic (PV) module under different levels of solar irradiance
(G) and temperature (T) (refer (d)). The results demonstrate that higher irradiance increases
the short-circuit current, while elevated temperatures lead to a reduction in open-circuit
voltage, highlighting the impact of environmental conditions on PV module performance.
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Nonetheless, this is coupled with a decrease in the open-circuit voltage (VOC), which
ultimately leads to a reduction in the cell’s fill factor (FF) [132]. The fill factor indicates
the degree of series and shunt resistance present in the solar cell and its associated circuit,
rendering it an essential parameter for assessing photovoltaic performance across different
temperature scenarios.

The efficiency of photovoltaic (PV) modules is greatly affected by other various envi-
ronmental factors, including dust, air pollutants, humidity, shading, and wind conditions.
Dust particles interact with sunlight and accumulate on photovoltaic panels, creating layers
that both reflect and absorb light, which diminishes transmissibility and power output.
In arid regions, the combination of high dust density and limited rainfall intensifies this
problem, with research indicating efficiency losses of up to 13% within a six-week period
without cleaning [133]. The accumulation of dust on the surface of PV modules signifi-
cantly impacts energy extraction on daily, quarterly, seasonal, and yearly scales. A 20%
reduction in glass transmittance occurs after 45 days without cleaning, leading to decreased
energy conversion efficiency in photovoltaic modules. In humid conditions, dust interacts
with moisture to create mud, resulting in hard shading that adversely affects performance.
Extended exposure to humidity can lead to the corrosion of PV modules, enhance electrical
conductivity, and result in leakage currents, which further diminishes efficiency. Under
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soiling conditions, photovoltaic systems can experience daily energy losses of up to 0.6%,
significantly impacting overall performance and efficiency [134].

Figure 21 illustrates the effect of relative humidity on the performance of solar PV
production. It shows that increased relative humidity can lead to a decrease in solar panel
efficiency due to the formation of condensation on the panel surface, which reduces the
amount of sunlight reaching the solar cells. This emphasizes the importance of considering
environmental factors, such as humidity, in optimizing the performance and efficiency of
solar PV systems. The trend line in Figure 21 represents a regression line, showing the
relationship between relative humidity and average monthly electricity production. The
negative slope suggests an inverse correlation, indicating that higher humidity levels are
associated with lower electricity production. This decline may be influenced by factors
such as increased moisture and cloud cover, which reduce solar panel efficiency by limiting
sunlight exposure and increasing thermal losses.
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The conditions of the wind, encompassing both speed and direction, play a significant
role in the cooling of modules. The presence of natural airflow facilitates convective heat
transfer, leading to a decrease in module temperature and an enhancement in efficiency. A
wind speed of 10 m/s can result in a reduction of the operating temperature by 3.5 ◦C when
a grooved surface is utilized. Nonetheless, the surface structure influences the cooling
effect, as flat surfaces tend to perform better at reduced wind speeds [136]. Obstructions
from buildings, waste, or natural features impede sunlight, leading to decreased energy
production. Soft shading is a result of atmospheric smog, whereas hard shading is caused
by solid obstructions such as dust, snow, or leaves [137,138]. Furthermore, water droplets
resulting from humidity can refract, reflect, or diffract sunlight, thereby diminishing the
direct solar radiation that reaches the photovoltaic cells. Prolonged exposure to moisture
can lead to the corrosion of modules and a decline in their electrical performance [139].
While the integration of solar PV systems into grid networks and standalone applications
has experienced significant growth in recent years, the efficiency of photovoltaic panels is
significantly affected by climatic conditions and environmental variables. The reliability
and effectiveness of PV technology are influenced by these environmental variables, high-
lighting the importance of their management for achieving optimal performance across
various applications. Future investigations may concentrate on creating sophisticated artifi-
cial intelligence (AI) models aimed at forecasting dust buildup on photovoltaic surfaces.
These predictive models would support the development of effective cleaning and cooling
technologies customized for particular environmental conditions. Moreover, additional
investigations are required to pinpoint and create appropriate nanomaterials capable of
reducing dust and soiling on PV modules, especially in arid and humid areas, where these
challenges considerably impact performance. The improvements may significantly boost
the performance and reliability of solar PV systems in challenging environments [140].
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3.4. Frequency Variations

The integration of PV systems into power grids presents challenges resulting from their
intermittent characteristics, frequently leading to a discrepancy between power generation
and load demand. The growing integration of PV systems into power grids has a notable
impact on the Rate of Change of Frequency (ROCOF), an essential factor for maintaining
grid stability. The observed imbalance may result in frequency variations within the net-
work, which could jeopardize the stability of the electrical grid. In contrast to conventional
synchronous generators, PV systems, which are based on inverters, do not possess inherent
mechanical inertia. Consequently, they exhibit a diminished ability to withstand rapid
fluctuations in frequency resulting from imbalances between generation and demand. The
decrease in inertia results in an accelerated rate of change of frequency, which increases
the grid’s vulnerability to disturbances, particularly during natural overloads or abrupt
shifts in load or generation. When frequencies surpass safe operating thresholds, protective
systems might trigger load shedding or deactivate generators, thereby exacerbating the
instability. Addressing this discrepancy is crucial, as failure to do so can increase insta-
bility, potentially leading to partial or total loss of electrical supply. This highlights the
importance of implementing strong control and management strategies to maintain grid
stability [141]. An analysis of two IEEE benchmark transmission networks revealed that
solar PV penetration beyond 40% could lead to system collapse in worst-case contingency
scenarios, mainly due to the loss of inertia [142]. In a similar vein, the influence of PV
power plant outputs on frequency stability was clearly observed in the continental Europe
synchronous zone during the solar eclipse on 20 March 2015. The eclipse underscored the
difficulties in ensuring grid stability, as the rapid reduction and later restoration of solar
generation caused notable frequency variations, highlighting the necessity for effective grid
management approaches in situations with high photovoltaic integration [143]. Moreover,
the rate at which PV output fluctuated was double that of the peak load value, which could
lead to considerable disruptions in grid frequency unless pre-emptive actions were taken
to alleviate the effects [144,145]. Researchers developed an advanced optimum control
approach specifically designed for microgrids that include battery energy storage systems
(BESS), conventional generating sources, and intermittent renewable energy resources
(RERs). This approach seeks to tackle the issues related to frequency variations stemming
from the ever-changing and uncertain characteristics of renewable energy production [146].
The authors employed a technique for economic dispatch that effectively reduces fuel
costs while ensuring an accurate equilibrium between projected power generation and
load requirements. This method enables the strategic transition between essential and
non-essential loads, enhancing system efficiency and stability in response to changing con-
ditions [141]. Alongside control strategies, a novel algorithm was introduced to calculate
the optimal amount of generation reserve for photovoltaic (PV) plants. This algorithm
utilizes the distinct features of frequency behavior, guaranteeing that adequate reserves are
present to address the risks of significant grid damage or power outages during times of
high PV penetration or abrupt changes in generation. The investigation delved into the in-
tegration of existing grid resources with energy storage systems (ESS) to improve frequency
stability, showcasing their capability to assist in grid frequency response, particularly in sce-
narios involving large-scale PV generation. The implementation of energy storage systems
offered a safeguard against the rapid fluctuations in generation and demand, consequently
alleviating the pressure on the grid. As the integration of intermittent renewable energy
resources progresses in future power systems, a notable decline in the natural inertia of
the grid is anticipated. The decrease in inertia intensifies the difficulties associated with
sustaining frequency stability, highlighting the necessity to examine the effects of these
alterations and develop effective control strategies for enhancing frequency response. The
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authors highlight the importance of continuous investigation and advancement in this field
to create effective mitigation strategies, thereby ensuring the grid’s reliability and resilience
as renewable energy sources become increasingly integrated [147].

3.5. Reactive Power Compensation

Photovoltaic (PV) power is fundamentally generated as direct current (DC), which
does not inherently provide reactive power capabilities. Reactive power is a critical com-
ponent of the alternating current (AC) power system, essential for maintaining voltage
levels and supporting power factor correction. PV systems exclusively produce real power
(DC) and, as such, they do not address the reactive power requirements of the grid un-
less enhanced by supplementary technologies. This limitation has led to the growing
importance of developing innovative technologies that enable PV systems to provide re-
active power, thereby enhancing grid stability and improving power quality. A report on
the reactive power capability of the North American grid emphasized the potential for
variable generation plants, including wind and solar, to provide the necessary reactive
power support for the grid. This is particularly crucial as the share of renewable energy
sources continues to grow, which could otherwise strain the grid’s ability to maintain
voltage stability. Renewable energy sources, such as PV systems and wind power, exhibit
intermittency, with their output fluctuating based on weather conditions. Their ability to
contribute to reactive power is crucial for stabilizing voltage, particularly during times of
reduced conventional generation [148]. Researchers performed a comprehensive analysis
of various methods for introducing reactive power into the grid from photovoltaic power
plants. They explored techniques such as constant active current control, where the active
current is maintained at a steady level while adjusting the reactive power output; constant
average active power control, which stabilizes the average power output while regulating
the reactive power; thermally optimized reactive power control, which accounts for thermal
limitations and optimizes reactive power injection based on system temperature; and con-
stant peak current control, which involves controlling the peak current limits to optimize
reactive power support. The authors, drawing from their findings, suggested the imple-
mentation of these control strategies for future PV systems to effectively address real power
demands while also improving the grid’s reactive power support capabilities. Additional
studies conducted by various authors have advanced the creation of alternative approaches
for managing reactive power in photovoltaic plants. For example, one study proposed a
strategy based on the theory of two stationary phases, which aims to control the injection
of reactive power in a more dynamic and responsive manner, adapting to grid conditions
in real time. This approach may provide a more effective method for incorporating PV
systems into the grid while maintaining system stability [149]. Researchers examined the
centralized and decentralized approaches for managing reactive power in PV inverters that
are integrated into the grid. In a centralized approach, a central controller determines the
reference signals for the reactive power output based on the grid’s overall performance and
needs. In contrast, decentralized control enables each PV inverter to autonomously modify
its reactive power output according to local voltage readings, offering a more distributed
and adaptable strategy. Both strategies focus on improving the capacity of PV systems to
assist in grid voltage regulation and enhance their overall reliability when incorporated
into the power system. The growing need for reactive power support from renewable
sources, particularly PV plants, is becoming increasingly critical as the share of intermittent
renewable energy in power grids continues to rise. The efficient management of reactive
power within electricity grids plays a crucial role in improving the network’s voltage profile,
enhancing system stability, and minimizing power quality issues. Grid codes mandate that
power system operators ensure a stable voltage level through the active management of the
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grid’s reactive power output. To accomplish this, it is essential to further develop and refine
various control strategies, as well as the deployment of Flexible AC Transmission Systems
(FACTS) and energy storage systems (ESS) for reactive power support, to facilitate the
sustainable integration of renewable energy resources (RERs) into the power grid. As these
technologies continue to advance, future photovoltaic systems may not only deliver real
power but also contribute significantly to reactive power compensation, thereby improving
the resilience and sustainability of contemporary power grids [150–152].

3.6. Impacts of Harmonics/Power Quality

The integration of photovoltaic (PV) systems into electricity grids depends on power
electronic converters. These converters facilitate efficient conversion and control of elec-
trical energy, but they also introduce harmonics into the network. The presence of these
harmonics can negatively impact the equipment connected to the grid, resulting in de-
creased operational efficiency, premature aging, and potential damage. Moreover, the
accumulation of harmonics from various PV systems connected to the grid can intensify
these challenges, affecting the overall stability of the grid and power quality. To address
this issue, investigations have been conducted on the characteristics of harmonics gener-
ated by the integration of several PV systems, identifying their sources, frequency ranges,
and potential mitigation strategies. This study is crucial for creating efficient harmonic
suppression methods and guaranteeing the reliable operation of the grid and its associated
equipment [153–155]. The IEEE published standards designed to address the widespread
harmonic challenges in power systems resulting from the incorporation of power electronic
devices, such as photovoltaic (PV) systems. To adhere to these standards and guarantee a
high-quality power supply for consumers, it is crucial to eliminate the harmonics generated
by these devices. To address harmonic distortions effectively, it is essential to implement
suitable filters, which can be classified into two main categories: passive filters and active
filters. Passive filters are composed of resistors, inductors, and capacitors, which serve to
effectively reduce harmonics at designated frequencies. Active filters, incorporating transis-
tors and passive components, adapt to changing harmonic conditions, providing enhanced
mitigation in systems characterized by high or variable harmonics. Both filter types play a
crucial role in ensuring power quality and protecting equipment [156–159]. Many authors
have developed innovative methods to address harmonic issues in power systems. For
example, an adaptive proportional resonant controller was designed to compensate for
identified harmonics, leading to a notable decrease in total harmonic distortion within the
grid current. Li et al. developed a mechanism for active power filtering that integrates a
boost converter with a dual-level four-leg inverter, demonstrating effective suppression of
harmonics [160]. Similarly, Pereira et al. introduced a dynamic method aimed at compen-
sating for harmonic currents generated by nonlinear loads, employing power electronic
converters within PV systems to provide ancillary services. It was also proposed that
system operators provide incentives to PV owners who implement inverters for harmonic
compensation, aiming to improve power quality [161]. Nonetheless, the implementation
of multifunctional PV inverters may adversely affect the overall efficiency of the system.
Consequently, it is imperative to conduct more in-depth studies and evaluations in this
field to tackle these issues [162].

3.7. Angular Stability

The integration of solar PV into power grids poses various challenges for system oper-
ators, particularly regarding concerns related to angular stability. Mitsugi and Yokoyama
conducted an analysis on the transient stability of a multi-machine electric system featuring
a large PV plant during a three-phase fault condition. The findings indicate that transient
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stability is influenced by the ratio of constant impedance to constant power loads, where
increased ratios result in more significant degradation caused by the frequent reconnections
of PV systems [163]. In the same way, You et al. [164], examined the impact of extensive PV
integration on inter-area oscillations within the US Eastern Interconnection. Their findings
indicate that heightened PV penetration diminishes the damping of primary oscillation
modes, while fluctuations in PV control strategies and parameters may lead to the emer-
gence of new oscillation modes. Researchers in power systems have put forward a range
of techniques to address these challenges; however, solutions for angular stability are
still in the preliminary phases of development, necessitating additional exploration and
enhancement for technological progress and real-world implementation.

3.8. Other Challenges

The integration of solar PV systems into the grid introduces other various technical,
operational, and socio-economic challenges. A key concern is the necessity of fault/low-
voltage ride-through (LVRT) capability to maintain grid stability during disturbances, neces-
sitating advanced inverters that can endure transient conditions [165]. Protection systems
encounter difficulties stemming from variations in fault currents and bidirectional power
flows, which complicate the processes of fault detection and coordination [166–169]. More-
over, with the rise in PV penetration, transmission networks face heightened pressure and
necessitate strong communication systems that are vulnerable to cybersecurity threats [170].
Fluctuations in photovoltaic output challenge conventional electricity markets, necessitat-
ing the development of innovative pricing models and strategies for balancing demand
and supply [171]. Furthermore, the transition to a PV-integrated grid is complicated by
environmental issues, including land use, resource extraction, and panel disposal, as well
as socio-economic factors, such as workforce adaptation and equitable access to renewable
energy [172]. To address these challenges effectively, it is essential to develop thorough
solutions that harmonize technological advancements with ecological sustainability and
social equity.

4. Global Standards and Grid Codes for Solar PV Integration
into Power Grid
4.1. Introduction

The integration of photovoltaic power plants (PVPPs) has a profound impact on the
functioning, stability, and security of utility grids, especially in isolated systems such as
small island grids. In such environments, high load variability, often due to seasonal
tourism, combined with the intermittent nature of PV generation, can result in instability
and fluctuations in network parameters. To tackle these challenges, it is essential to im-
plement effective control systems for both loads and photovoltaic sources. In response to
stability and security concerns, various governments have implemented further regulations
to facilitate the seamless integration of solar PV into the grid. An in-depth examination of
contemporary PV grid coupling practices highlights an emphasis on modern grid codes,
which differ from one country to another. The regulations are intricately connected to the
architectures, topologies, and control strategies of PV systems, with recent developments
highlighting enhancements in efficiency and reliability. The analysis of these methodologies,
accompanied by their relevant key performance indicators, underscores the connection
between grid codes and various components of PV systems [173–176]. On the other hand,
grid-connected PV inverters have historically been considered as active power sources, em-
phasizing the optimization of power extraction from PV modules. Although this continues
to be a focus, there is a growing acknowledgment that the stability of the utility grid can
be greatly improved through the diverse auxiliary services offered by these inverters. It is
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essential for international standards to include the auxiliary functions that grid-connected
PV inverters are required to perform in order to ensure grid stability and integrity. The func-
tions are essential in resolving discrepancies between power generation and load demand,
thereby enhancing overall grid reliability. The advancement of grid-connected PV inverter
technology focuses on the ongoing improvement of efficiency. Innovations in the next
stages of these inverters are expected to enhance efficiency, increase power density, and en-
hance reliability, thereby addressing the increasing requirements of modern energy systems
and facilitating auxiliary services crucial for maintaining stable grid operations [177–179].
The international standards on energy efficiency and renewable energy sources integrated
into the utility grid are presented in Table 4 and international standards on integrating
energy storage systems to the utility grid are represented in Table 5. Tables 4 and 5 pro-
vides an overview of the key standards and guidelines for integrating demand response
(DR), including photovoltaic (PV) systems and energy storage systems, into power grids
across various countries and regions. It summarizes internationally recognized standards,
such as those established by IEEE and IEC [180–182], along with national and regional
regulatory frameworks. These include state-level guidelines in California and Texas in the
U.S [183,184], as well as national regulations in Canada [185,186], the United Kingdom [187],
Germany [188,189], Spain [190], Australia [191–193], China [194–196], Taiwan [197], and
South Korea [198].

Table 4. International standards on energy efficiency and renewable energy sources [173–176,178].

Year Standards Description

2015 ISO/IEC 13272-1

Terminology for Energy Efficiency
This section is dedicated to clarifying terminology associated with energy efficiency.
The objective is to establish a uniform comprehension of concepts like energy performance,
energy savings, and energy efficiency indicators across various sectors and applications.
The standardization of these definitions facilitates the global development and implementation
of energy management systems and policies.

2015 ISO/IEC 13273-2

Terminology for Renewable Energy
This section addresses the terminology associated with renewable energy systems and sources,
such as solar, wind, hydropower, and biomass. It offers precise explanations for concepts related
to the production, incorporation, and application of renewable energy. The standard plays
a crucial role in aligning technical terminology within the renewable energy sector, thereby
enhancing communication among various stakeholders.

2018 ISO 50001

Energy Management Systems
An internationally acknowledged standard that offers a structured approach for the
establishment, implementation, maintenance, and enhancement of energy management systems.
This approach enables organizations to enhance energy performance, boost efficiency, and lower
costs along with greenhouse gas emissions.

2016 ISO 17741

Energy Savings
Outlines fundamental approaches for evaluating and documenting energy savings within
organizations. This framework is applicable across multiple sectors and is intended to assess
and validate enhancements in energy efficiency.

2015 ISO 17742
Energy Efficiency and Savings Calculations
Presents approaches to quantify and articulate energy efficiency enhancements and savings
within industrial, commercial, and residential sectors.

2013 ISO 9459-1-4
Solar Heating
A collection of criteria outlining approaches for assessing and analyzing solar heating systems,
focusing on thermal efficiency and life expectancy.



Energies 2025, 18, 2221 37 of 80

Table 4. Cont.

Year Standards Description

2021 IEC 61724
Photovoltaic System Performance Monitoring
Outlines procedures for collecting, analyzing, and reporting data on the performance
of photovoltaic (PV) systems.

2002 ISO 13602
Energy Systems Integration
Provides foundational concepts and recommendations for the incorporation of renewable energy
systems into current grids and infrastructure, prioritizing efficiency and reliability.

2014 IEC 62817
Photovoltaic (PV) System—Design Qualification
It focuses on the design certification of photovoltaic trackers to guarantee their reliability
and efficiency in solar energy systems.

2017 ISO 52000 Series
Energy Performance of Buildings
A set of requirements pertaining to the comprehensive energy performance of buildings,
including heating, cooling, lighting, and more operational elements.

2018 ISO 14064
Greenhouse Gas Accounting and Verification
Establishes criteria for measuring and disclosing greenhouse gas emissions and removals,
relevant to renewable energy initiatives focused on emission reduction.

2019 IEC 60364-8-1
Energy Efficiency in Electrical Installations
Addresses energy efficiency considerations in electrical installations, including design
recommendations to enhance efficiency in energy distribution systems.

2018 ISO/TR 21954
Energy Storage Systems
Provides guidance on the integration and functioning of energy storage technologies, particularly
batteries, into energy frameworks.

2006 ISO 14040
Life Cycle Assessment (LCA)
Establishes guidelines and a methodology for evaluating the environmental effect of renewable
energy technologies over their entire life cycle.

2019 ISO 14687
Hydrogen Fuel Quality
Defines the quality standards for hydrogen used as a renewable energy source, assuring
compatibility with fuel cell systems.

2010 IEC 62109
Safety of Power Converters for Use in PV Systems
Ensures safety in the design and execution of power converters used in photovoltaic systems,
encompassing electrical, thermal, and mechanical aspects.

2020 IEC TS 62257-9-8

Renewable Energy and Hybrid Systems for Rural Electrification
Provides guidance on evaluating the performance of solar photovoltaic (PV) lighting systems
and kits intended for rural electrification initiatives. This is included in the IEC 62257-9-8 series,
which addresses off-grid renewable energy systems and electrification in regions that lack
connection to the main power grid.

2016 IEC TS 618376

Solar Photovoltaic Energy systems—Terms, Definitions and Symbols
This technical specification outlines the terms, definitions, and symbols derived from national
and international solar photovoltaic standards, as well as relevant documents in the field
of solar photovoltaic energy systems. It incorporates terminology and symbols compiled
from the published standards of IEC Technical Committee 82, ensuring consistency and
alignment with established guidelines in photovoltaic system design and analysis.

Table 5. International standards on electrical energy storage systems [177–179].

Year Standards Description

2010 IEEE 1679
Guide for the Characterization and Evaluation of EES Systems
Provides guidelines for assessing the features, functionality, and security of electrical energy storage
systems for different uses.

2013 IEC 61427-1
Secondary Cells and Batteries for Renewable Energy Storage
Evaluates the specifications for batteries in solar energy systems, emphasizing performance
and durability.
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Table 5. Cont.

Year Standards Description

2015 IEEE 2030.2
Guide for Energy Storage in Electric Power Systems
Addresses grid connectivity, operation, and design of energy storage devices with an emphasis
on electric power system integration.

2016 IEEE 2030.3
Test Procedures for Electric Energy Storage Equipment
Establishes testing methodologies to ensure the functionality and safety of energy storage systems
in both grid-connected and off-grid environments.

2017 IEEE 2030.7
Standard for the Specification of Microgrid Controllers
focuses on controllers for microgrids that include energy storage systems, facilitating smooth grid
interaction and enhancement.

2017 IEC 62933-2-1
Electrical Energy Storage Systems—Unit Parameters and Testing Methods
Provides the metrics and procedures for evaluating electrical energy storage systems to ensure their
efficiency and dependability.

2017 IEC 62920
Grid Integration of Large-Capacity EES Systems
Describes the necessary specifications and evaluation techniques for the integration of high-capacity
energy storage systems within power grids.

2017 ISO/IEC
11801-6

Balanced Cabling Systems for ESS Communication
Develops cabling standards that ensure effective communication between ESS
and grid infrastructure.

2018 IEC 62933-1
Electrical Energy Storage (EES) Systems—Vocabulary: Revised
Creates a unified framework of terminology and definitions for EES systems, promoting clear
and consistent technical communication.

2018 IEC 62660
Lithium-Ion Batteries for Automotive and Energy Storage Applications
Provides specifications and conducts assessments for lithium-ion batteries utilized in both
automotive and stationary energy storage applications.

2019 ISO 23900
Energy Storage Systems for Renewable Energy Integration
Provides guidelines for the integration of energy storage systems with renewable energy
technologies such as wind and solar.

2020 ISO/TR 21954
Energy Storage Systems—Guidelines
Provides a framework for the planning, implementation, and management of energy storage systems,
encompassing applications for renewable energy and support for the grid.

2020 UL 1974
Repurposing Batteries for Second-Life Applications
Provides a comprehensive framework for the repurposing of electric vehicle batteries in grid storage
applications, emphasizing the importance of performance and safety evaluations.

2020 IEEE 1547

Standard for Interconnection and Interoperability of Distributed Energy Resources with Associated
Power Systems
Combines conditions for energy storage systems that are integrated with distributed energy
resources such as photovoltaic and wind technologies.

2020 IEEE 1547.1 Testing Requirements for Interconnection of Energy Storage with Power Systems
Provides evaluation standards for the integration of distributed energy storage systems with the grid.

2020 IEEE 2030.8
Standard for the Testing of Microgrid Controllers with Energy Storage
Outlines the role of energy storage systems in microgrid configurations for providing ancillary
services such as demand response, voltage regulation, and peak shaving.

2020 IEC 62898-3-1
Microgrid Systems Including EES
Details the specifications for energy management systems in microgrids that incorporate energy
storage solutions.

2020 IEC 62920
Photovoltaic Power Generation Systems—Energy Storage Systems Testing
Focuses on energy storage solutions within photovoltaic systems, detailing approaches to evaluate
efficiency and reliability.

2020 IEC 62040-5-3 Grid-Connected Energy Storage Systems (GCES)
Outlines the functional and performance specifications for GCES utilized in utility applications.

2020 IEC 61850-7-4 Communication Networks for EES Systems in Smart Grids
Defines communication protocols for energy storage systems within smart grid applications.
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Table 5. Cont.

Year Standards Description

2021 IEC 62933-3-1
Electrical Energy Storage Systems—Planning and Installation
Provides a framework for the planning, design, and implementation of electrical energy
storage systems.

2021 IEC 61427-2
Performance Requirements for Secondary Batteries in Solar Applications
Defines criteria for assessing the performance and longevity of batteries within solar
photovoltaic systems.

2021 IEC 62133 Safety Requirements for Portable Lithium-Ion Batteries
Outlines the safety standards for portable lithium-ion batteries utilized in energy storage systems.

2021 IEC TS
62933-4-1

EES Systems—Environmental Issues
Focuses on evaluating and reducing the environmental effects of energy storage systems across their
entire lifecycle.

2021 UL 9540
Standard for Energy Storage Systems and Equipment
Outlines the safety standards necessary for the design, construction, and operation of energy storage
systems utilized in residential, commercial, and utility settings.

2022 IEC TR
61850-90-9

Communication Systems for Power Quality Management
Outlines protocols for ESS to play a significant role in sustaining grid power quality.

2022 IEC 62933-2-2
Electrical Energy Storage Systems—Performance Testing
Develops protocols for assessing the effectiveness of energy storage systems across
different scenarios.

2022 IEC TS
62933-4-2

Electrical Energy Storage Systems—Grid Performance Testing
Outlines procedures for evaluating ESS performance, focusing on efficiency, response time,
and power quality in grid-connected situations.

2022 IEC 62933-5-2

Electrical Energy Storage Systems—Safety Requirements for Grid Integration
Promotes the importance of implementing safety protocols to mitigate risks associated with energy
storage systems when integrated with utility grids. Highlights the importance of fault tolerance, fire
resistance, and ensuring safe operation during grid disturbances.

2022 IEEE 1561
Guide for Optimizing Battery Life in Stationary Applications
Provides methods for enhancing the lifespan of batteries in stationary energy storage systems,
along with maintenance recommendations.

2022 IEC 62619
Safety Requirements for Secondary Lithium Cells and Batteries
Establishes safety standards for rechargeable lithium batteries utilized in industrial energy
storage systems.

2022 IEC 63125 Safety Guidelines for Solid-State Batteries in Grid Storage
Focuses on the distinct safety aspects associated with solid-state battery systems.

2022 IEC 62040-5-3
Safety Requirements for Energy Storage in UPS Systems
Evaluates safety standards for uninterruptible power supply system employing energy
storage technologies.

2023 IEEE P2030.11
Standards for Hybrid Energy Storage Systems
Details the integration guidelines for hybrid storage systems that merge batteries with flywheels,
supercapacitors, or other forms of technology.

2019 EN 50549-1
Requirements for Grid Connection of Generating Units (Europe)
Defines the necessary connections for energy storage systems in European electrical grids, focusing
on voltage regulation, protection mechanisms, and fault ride-through capabilities.

2020 NERC
PRC-024-2

Generator Frequency and Voltage Ride-Through Standards
Relevant to energy storage systems in North American grids, promoting stability during frequency
and voltage fluctuations.

2020 AS 4777.2
Grid Connection of Energy Systems via Inverters
Details the specifications for ESS inverters to align with Australian grid codes, guaranteeing
adherence to local regulations.
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4.2. Grid Codes

One of the initial requirements in grid codes for conventional generation units was
to maintain designated frequency and voltage ranges during standard operations and
unforeseen events. Over time, these requirements have developed to respond to the
behavior of variable renewable energy (VRE) plants during faults and contingencies. Recent
updates to grid codes incorporate measures to address the loss of inertia, which has typically
been supplied by the rotating masses of synchronous generators, as well as the heightened
rate of change of frequency (RoCoF). The incorporation of variable renewable energy
diminishes system inertia, leading to quicker frequency fluctuations after an event—a vital
element that may trigger system protection mechanisms. As a result, modern grid codes
establish boundaries, operational limitations, and novel strategies to address the difficulties
arising from reduced inertia and increased non-synchronous integration. To achieve near
100% renewable energy integration in power systems over the long term, it is crucial to
focus on the implementation of grid-forming inverters and the involvement of variable
renewable energy sources in black-start capabilities, ensuring these elements are clearly
specified in grid codes. Figure 22 demonstrates grid code formulation guidance according
to grid size and VRE integration levels.
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Grid codes are a set of technical and operational rules that regulate the interconnection
and functioning of generating, transmission, and distribution systems within an electrical
power network. These regulations are essential for maintaining the dependability, sta-
bility, and safety of the electricity system throughout diverse situations. Although both
transmission and distribution grid codes seek to maintain power system efficiency and
resilience, they are tailored to tackle specific issues and operational needs according to the
voltage levels and equipment types involved. Transmission grid codes mostly concentrate
on high-voltage networks, enabling extensive power transfers across areas and maintaining
the stability of linked systems. These rules enforce rigorous technical standards on big
generators and connecting points to regulate frequency, voltage, and fault ride-through ca-
pabilities. On the other hand, distribution grid codes are specifically designed for medium-
and low-voltage networks, which are progressively integrating distributed energy resources
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(DERs) such as solar photovoltaic (PV) systems, wind turbines, and battery storage. These
rules are designed to guarantee the secure and dependable integration of distributed energy
resources (DERs), maintain power quality, and tackle localized issues such as voltage fluctu-
ations and harmonic distortion. Figure 23 presents the structural layout of a modern power
system, including transmission and distribution networks, along with their corresponding
voltage levels. The layout of a modern power system consists of three main components:
generation, transmission, and distribution. Electricity is generated at power plants and
transmitted over long distances through high-voltage lines, which are stepped up to reduce
energy losses. At substations, the voltage is stepped down for local distribution. In a one-
way direction, power flows from the generation source to the consumer. However, with
the integration of distributed generation like solar panels, two-way direction is possible,
allowing power to flow back from consumers to the grid. This bidirectional flow supports
renewable energy and enhances grid flexibility.
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Figure 23. Layout of modern power system: transmission and distribution systems with
voltage levels.

However, the rapid growth of PV power in recent years, driven by policy incentives
and increased public awareness, presents obstacles to the security and stability of power
systems, such as rapid power fluctuations and constrained frequency support abilities.
In response to these challenges, a range of grid codes has been established to govern the
steady-state and dynamic performance of PV power stations and other inverter-based
energy sources. Some grid code requirements are easy to implement, while others require
designs that are specifically tailored to unique system parameters, geographical conditions,
and operational characteristics. At present, the issuance of PV grid codes is primarily
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conducted through national standards or by transmission and distribution system opera-
tors (TSOs/DSOs). Nonetheless, considering the comparatively lower adoption rates of
photovoltaic power in relation to other energy sources, current grid codes frequently fail
to sufficiently address the challenges associated with significant levels of PV integration.
To address these gaps, it is crucial to enhance grid codes in order to ensure stability, relia-
bility, and efficient operation as renewable energy adoption continues to rise. This study
rigorously analyses the stipulations of current grid codes for photovoltaic power stations,
pinpointing essential areas for enhancement to accommodate the changing demands of
modern power systems [199–202]. Grid code requirements for PV power stations are essen-
tial for ensuring reliable and stable integration into utility grids, particularly as renewable
penetration increases. These requirements can be broadly categorized into steady-state and
transient operational parameters, addressing the behavior of PV systems under normal
and disturbed conditions. Figure 24 illustrates the grid codes and innovation trends for
different international standards.
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4.2.1. Steady-State Requirements

Steady-state requirements ensure the smooth operation of PV power stations during
normal grid conditions. They address voltage regulation, frequency support, and power
quality, among other factors. Key aspects include:

i. Voltage Control
PV power stations must maintain grid voltage within specified limits.

• Reactive Power Support: Advanced inverters are required to provide or absorb
reactive power based on grid conditions. Grid codes often define reactive power
capability curves to ensure voltage stability.

• Voltage Droop Control: This technique allows PV systems to adjust their output
voltage dynamically in response to grid voltage deviations.
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ii. Frequency Control
Although PV systems lack inherent inertia like traditional generators, they must
contribute to frequency regulation:

• Primary Frequency Control: PV systems can adjust active power output during
frequency fluctuations, either by curtailing generation or using stored energy.

• Secondary Frequency Control: Some advanced grid codes require PV systems to
participate in long-term frequency restoration processes.

iii. Power Factor Regulation
Maintaining a specified power factor is crucial for efficient energy transfer and reduc-
ing losses.

• Range Specification: Grid codes typically require PV systems to operate within a
defined power factor range (e.g., 0.95 lagging to 0.95 leading).

• Dynamic Adjustments: Advanced inverters allow real-time adjustment of power
factor based on grid conditions.

iv. Harmonic Distortion Mitigation
PV inverters must comply with limits on Total Harmonic Distortion (THD) to avoid
adversely affecting power quality.

• Filter Design: Harmonics are minimized through the use of active and passive
filters integrated into inverter systems.

• Compliance with Standards: Grid codes reference standards such as IEEE 519 or
IEC 61000-3 for harmonic limits.

v. Active Power Curtailment
During scenarios of excess generation, PV systems must have the capability to reduce
their output to balance grid supply and demand.

• Automatic Curtailment: Advanced grid codes require inverters to respond auto-
matically to signals from grid operators.

• Reserve Power: Some systems are designed to reserve a portion of their capacity
for grid support during disturbances.

4.2.2. Transient Requirements

Transient requirements dictate the behavior of PV power stations during disturbances,
such as grid faults or dynamic changes. These requirements ensure system stability and
enable the grid to recover quickly after disruptions.

i. fault ride-through (FRT)
FRT capabilities allow PV systems to remain connected during voltage disturbances,
preventing cascading failures.

• Low-Voltage Ride-Through (LVRT): PV systems must continue operation during
voltage sags, providing reactive power to support grid recovery.

• High-Voltage Ride-Through (HVRT): During temporary voltage spikes, PV
systems must avoid disconnection unless safety is compromised.

ii. Dynamic Frequency Support
Grid codes increasingly require PV systems to mimic the inertia provided by tradi-
tional generators:

• Synthetic Inertia: Advanced inverters can emulate inertial responses by adjusting
active power output during frequency deviations.

• Fast Frequency Response (FFR): PV systems are expected to react quickly to
frequency changes, stabilizing the grid before traditional resources respond.
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iii. Voltage Recovery Support
After fault clearance, PV systems must assist in restoring grid voltage levels.

• Post-Fault Reactive Power Injection: Grid codes often mandate reactive power
injection during recovery to stabilize voltages.

• Active Power Ramp-Up: PV systems must ramp up their active power output in
a controlled manner to avoid additional disturbances.

iv. Synchronization and Islanding Detection
PV inverters must ensure seamless synchronization with the grid during reconnection
and detect islanding conditions to prevent unsafe operations.

• Phase-Locked Loops (PLLs): Used for precise synchronization with grid voltage
and frequency.

• Islanding Protection: Advanced algorithms detect unintentional islanding and
disconnect the PV system to ensure safety and compliance.

4.2.3. Reactive Power Support

A potential imbalance between the output power of photovoltaic systems and the
demands of the load presents considerable challenges for maintaining grid stability. Reverse
power flow, which happens when surplus power produced by PV systems returns to the
distribution network, is one prominent issue. This phenomenon may lead to an increase
in voltage on distribution feeders, which could surpass the acceptable voltage limits set
by grid standards. A straightforward method for tackling voltage rise challenges involves
reducing the power output of photovoltaic systems when the voltage surpasses the upper
limit of normal operation. A more effective solution entails outfitting PV systems with
reactive power control capabilities, allowing them to observe and manage the voltage at the
point of common coupling (PCC) via reactive power exchange. Many grid codes specify
particular requirements for the supply of reactive power, emphasizing the quantity of
reactive power needed and the control functions essential to fulfil these requirements. The
requirements, however, differ across various countries and regions, primarily focusing on
adherence to power factor (PF) standards. Various control strategies have been developed
and implemented to align with PF requirements, including:

• Fixed Reactive Power: Maintaining a constant reactive power output.
• Fixed Power Factor: Operating at a predetermined PF regardless of active power output.
• Q-V Droop Control: Adjusting reactive power based on voltage deviations at the POC.

These functionalities were mainly required for PV systems linked to medium-voltage
networks. Nevertheless, recent grid codes have begun to broaden these requirements to
encompass low-voltage networks. For example, the Danish grid code outlines that:

• Photovoltaic systems with a capacity of less than 1.5 MW are required to incorporate
reactive power control functions, including fixed Q, fixed PF, and automatic PF control,
which adjusts based on the active power output.

• Photovoltaic plants exceeding 1.5 MW are required to implement fixed Q, fixed PF,
and Q-V droop control mechanisms.

The improved control functions enable low-voltage PV systems to engage in reactive
power management, thereby substantially enhancing the capacity of distribution networks
to support greater levels of PV integration. Hence, the steady-state reactive power require-
ments play a vital role in almost all regional grid codes, requiring PV power plants to
assist in voltage regulation within power systems. The outlined requirements detail the
necessary reactive power capacity that photovoltaic power stations are required to uphold
in order to ensure grid voltage stability. According to the Chinese national standard GB/T
19964-2012, Section 6.1 specifies that grid-connected inverters used in photovoltaic power
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stations must be capable of dynamically adjusting their power factors within the range of
0.95 leading to 0.95 lagging at the rated active power output. This standard highlights the
necessity for PV systems to exhibit adaptability in their reactive power output, responding
dynamically to varying grid conditions. The European Network of Transmission System
Operators for Electricity (ENTSO-E) standards and the German Transmission Code 2007
provide further detailed specifications for reactive power control [187]. The documents
detail the adjustable range of reactive power that photovoltaic power stations are required
to produce at various point of common coupling (PCC) voltage levels. For example, the
German grid code outlines three optional ranges for reactive power adjustments intended
for Transmission System Operators (TSOs). Grid-connected photovoltaic power stations
are essential, frequently incorporating reactive power compensators to actively regulate the
voltage at the grid connection point and ensure it remains within specified limits. These
provisions underscore the significance of PV systems in enhancing grid stability through
effective voltage control and bolstering the overall functionality of the power system. The
standards highlight the significance of contemporary PV inverters and compensators in
addressing the changing requirements of grid integration. The voltage regulation range in
different grid codes are represented in Table 6.

Table 6. Voltage regulation range in different grid codes [203].

Region/Countries Connected Voltage Level Voltage Range (p.u.)

China
110 kV and 66 kV 0.97~1.07

220 kV and above 1.0~1.10

ENTSO

Continental Europe All 0.90~1.118

Nordic All 0.90~1.05

UK All 0.90~1.10

Ireland All 0.90~1.118

Baltic All 0.90~1.12

National Grid
(United Kingdom)

132 kV 0.90~1.10

275 kV 0.90~1.10

400 kV 0.95~1.05

AESO (Canada) 115 kV 0.98~1.10

In grid-connected systems, it is essential to keep voltage and frequency within accept-
able limits to guarantee grid stability and the reliable functioning of equipment. Standards
and grid codes define precise thresholds and trip times for conditions such as overvolt-
age, undervoltage, over frequency, and underfrequency to address risks associated with
deviations. The significance of these requirements is especially pronounced for distributed
energy resources (DERs), including photovoltaic (PV) systems and battery energy storage
systems, which need to function in harmony with the grid. The parameters of maximum
permissible voltage variations are represented in Table 7.

Table 7. Maximum permissible voltage variation [203].

Standard AS 4777.1 BDEW IEC/IEEE/IPAS
63547

VDE-AR-N
4104

Gazette of India.
Part III—Sec.4 ARCONEL 003

Voltage variation 2% 2% 5% 3% 5% 5%
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Voltage Magnitudes and Thresholds

• Voltage thresholds are established as the permissible operating ranges for voltage at
the point of common coupling (PCC). These generally encompass constraints for nom-
inal voltage, along with elevated and reduced thresholds that necessitate corrective
measures when exceeded.

• For instance, certain standards delineate typical operating ranges of ±10% of the
nominal voltage, alongside supplementary thresholds for extreme conditions that
necessitate immediate disconnection or other protective measures.

Frequency Magnitudes and Thresholds

• Frequency thresholds pertain to variations from the standard grid frequency (for
instance, 50 Hz or 60 Hz). The frequency ranges that are considered acceptable
are typically narrow to ensure synchrony between distributed energy resources and
the grid.

• Grid codes can specify “narrow” and “wide” frequency bands for standard operation
and emergency situations, along with the associated requirements for DER response.

Trip Times

• The duration of trips determines the speed at which distributed energy resources
must detach from the grid or react to voltage and frequency fluctuations that exceed
established limits.

• A prompt response is essential to avert cascading failures, whereas a delayed discon-
nection is frequently advocated for minor deviations to enhance grid stability during
transient events.

• For instance, regulations might mandate prompt disconnection in cases of signifi-
cant overvoltage (e.g., >120% of nominal voltage) or permit prolonged operation at
diminished power output during moderate underfrequency occurrences.

Voltage Magnitude and Its Significance in LV PV Systems

The magnitude of voltage is a crucial parameter in power systems, acting as an essen-
tial criterion for evaluating whether the system operates under normal conditions or faces
disturbances. Ensuring that voltage levels remain within defined parameters is essential for
the safe and dependable functioning of grid infrastructure and associated equipment. The
primary international standards governing normal voltage operation in low-voltage (LV)
networks are detailed in Table 8. The established standards define acceptable voltage ranges
and incorporate permitted delay times to address minor, transient disturbances within the
grid. This method guarantees that low-voltage photovoltaic systems can stay connected
amidst minor voltage variations, thus avoiding unnecessary disconnections and improv-
ing grid stability. The inclusion of allowed delays enables LV PV systems to withstand
short voltage fluctuations, thereby preventing frequent disconnections that might disturb
system equilibrium. This feature holds considerable importance as it mitigates the risk of
cascading failures, enhances the integration of distributed energy resources (DERs), and
reduces downtime for interconnected systems. By following these standards, PV systems
can enhance grid reliability and fulfil operational requirements more effectively [204–206].

The connection requirements specified in EN 50438 are presented in Table 9, which
outlines the permissible grid voltage ranges. The specified measurements are presented
as RMS values and pertain to various connection types: a single-phase connection of
25 A at 230 V and a three-phase grid connection of 16 A at 230/400 V. In situations
involving overvoltage, particular constraints are established. The Danish Grid Code
(DK GC) implements a two-stage restriction system. During the initial stage, voltage
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measurements are calculated as an average over a duration of 10 min, adhering to the
standards outlined in EN 50160. This averaging method guarantees that temporary voltage
fluctuations do not prompt an immediate disconnection, facilitating more stable grid
operation and improved management of distributed energy resources.

Table 8. Voltage requirements for LV PV systems [203].

IEEE 1574 IEC 61727 VDE-AR-N 4105

Voltage Range (%) Disc. (s) Voltage Range (%) Disc. (s) Voltage Range (%) Disc. (s)

V < 50 0.16 V < 50 0.10 V < 80 0.1

50 ≤ V < 88 2.00 50 ≤ V < 85 2.00 V ≥ 110 0.1

110 < V < 120 1.00 110 < V < 135 2.00

V ≥ 120 0.16 V ≥ 135 0.05

Table 9. Voltage requirements in EU countries [203].

Max. Clearance Time
(s) Voltage Trip Setting

Overvoltage Stage 1

Default 0.2 230 V + 15%

CZ 0.2 230 V + 15%

DE 0.2 230 V + 10%

DK 40 230 V + 10%

ES - 230 V + 10%

FR 0.2 230 V + 15%

GB 1.5 258 V

IT 0.1 230 V + 20%

Undervoltage

Default 1.5 230 V − 15%

CZ 0.2 230 V − 15%

DE 0.2 230 V − 20%

DK 10 230 V − 10%

ES - 230 V − 15%

FR 0.2 230 V − 15%

GB 1.5 184 V

IT 0.2 230 V − 20%

In countries characterized by significant PV integration, low-voltage grid codes estab-
lish stringent voltage thresholds during standard operational scenarios. The parameters
outlined in Table 10 are designed to maintain grid stability and reliability, even with the
growing incorporation of distributed energy resources. It is essential that the maximum
permissible voltage increase resulting from PV systems does not surpass 3%. The calcu-
lation of this voltage rise is derived from the short circuit power at the point of common
coupling (PCC) alongside the apparent power of the PV system [207–209].

Table 10. Voltage range for low-voltage grid systems [188,190,202].

Supply Voltage Variation
VDE-AE-N 4105 Germany [188] RD 661/2007 Spain [190] Arrêté 2011 France [202]

0.8 Vn < V < 1.1 Vn 0.8 Vn < V < 1.1 Vn 0.8 Vn < V < 1.1 Vn
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Grid-connected photovoltaic (PV) power stations are progressively expected to en-
hance grid stability by addressing frequency deviations, as specified in numerous grid
codes. The requirements are typically divided into three segments according to the extent
of frequency deviation from the nominal base frequency. The initial segment encompasses a
dead band, generally established within a frequency deviation range of ±0.2 Hz to ±0.5 Hz
from the base frequency. In this range, PV power stations do not need to respond, as the
system frequency stays within acceptable limits, permitting minor fluctuations without
changing the power output. The second segment focuses on the over frequency range,
marked by positive frequency deviations that extend beyond the dead band. In this sce-
nario, it is necessary for PV power stations to proportionally decrease their active power
output as the frequency rises. This is generally executed through droop control strategies,
with various grid codes outlining distinct droop coefficients that determine the rate of
power reduction. The third segment relates to the low-frequency range, in which negative
frequency deviations occur beyond the dead band. In these instances, PV power stations
are required to maintain their active power output at or above a designated percentage of
the maximum achievable value, typically ranging from 90% to 100%. This requirement
guarantees that PV systems play a role in grid stability by sustaining power generation
during low-frequency occurrences. It is crucial to recognize that these frequency response
requirements are mainly designed for emergency frequency support, rather than for regular
primary frequency regulation, since the dead band usually surpasses the typical frequency
variation range of the local power system. The parameters demonstrated in Table 11 are
the different grid codes related to the frequency limits in various countries.

Table 11. The frequency limits in different international grid codes [210–213].

Country Grid Code Nominal Frequency, Hz Frequency Limits, Hz Maximum Duration

Germany 50
f > 51.5
47.5 < f< 51.5
f < 47.5

Instant disconnection
No trip (continuous)
Immediate disconnection

Spain 50

f > 51.5
47.5 < f < 51.5
48 < f < 47.5
f < 47.5

Immediate disconnection
Continuous operation
3 s of operation
Immediate disconnection

China 50

f > 52
50.2 < f < 52
49.5 < f < 50.2
48 < f < 49.5
f < 48

Immediate disconnection
2 min of operation
Continuous operation
10 min of operation
Depend on the inverter

Denmark 50

50.2–52.0
49.5–50.2
49.0–49.5
48.0–49.0
47.5–48.0
47.0–47.5

15 min of operation
Continuous operation
5 h of operation
30 min of operation
3 min of operation
20 s of operation

Ireland 50

50.5–52.0
49.5–50.5
47.5–49.5
47.0–47.5

60 min or less operation
Continuous operation
20 min or less operation
10 min or less operation

United States—Puerto Rico
Electric Power Authority 60

f > 62.5
61.5 < f < 62.5
57.5 < f < 61.5
56.5 < f < 57.5
f < 56.5

Immediate disconnection
30 s of operation
Continuous operation
10 s of operation
Immediate disconnection



Energies 2025, 18, 2221 49 of 80

Table 11. Cont.

Country Grid Code Nominal Frequency, Hz Frequency Limits, Hz Maximum Duration

United States—North American
Electric Reliability Corporation 60

f > 61.5
61 < f ≤ 61.5
58.5 < f ≤ 61
57.0 < f ≤ 58.5
f ≤ 57

0.16 s of operation
300 s of operation
Continuous operation
300 s of operation
0.16 s of operation

Canada 60

>61.7
61.6–61.7
60.6–61.6
59.4–60.6
58.4–59.4
57.8–58.4
57.3–57.8
57.0–57.3
<57

0 s of operation
30 s of operation
3 min of operation
Continuous operation
3 min of operation
30 s of operation
7.5 s of operation
45 cycles of operation
Immediate disconnection

Japan Eastern
Western

50
60

f > 51.5
47.5 < f < 51.5
f < 47.5
f > 61.8
58 < f < 61.8
f < 58

Immediate disconnection
Continuous operation
Immediate disconnection
Immediate disconnection
Continuous operation
Immediate disconnection

Malaysia 50
f > 52
47 < f < 52
f < 47

Immediate disconnection
Continuous operation
Immediate disconnection

South Africa 50

f > 52
51 < f < 52
49 < f < 51
48 < f < 49
47 < f < 48
f < 47

4 s of operation
60 s of operation
Continuous operation
60 s of operation
10 s of operation
0.2 s of operation

UK 50

51.5–52.0
51.0–51.5
49.0–51.0
47.5–49.0
47.0–47.5

15 min of operation
90 min of operation
Continuous operation
90 min of operation
20 s of operation

Romania 50
f > 52
47.5 < f < 52
f < 47.5

Immediate disconnection
No trip (continuous)
Immediate disconnection

Australia 50
f > 52
47.5 < f< 52
f< 47.5

2 s of operation
Continuous operation
2 s of operation

Saudi Arabia 60

>62.5
61.6–62.5
60.6–61.5
58.8–60.5
57.5–58.7
57.0–57.4
<57.0

Immediate disconnection
30 s of operation
30 min of operation
Continuous operation
30 min of operation
30 s of operation
Immediate disconnection

In several countries, grid codes require particular frequency regulation protocols for
photovoltaic power plants (PVPPs) to maintain grid stability during frequency fluctuations.
In the case of over frequency events, the grid codes established in Germany, Spain, China,
the USA (PREPA), Japan, Malaysia, and Romania mandate that PVPPs execute a rapid
shutdown when the upper frequency limit is surpassed. Nonetheless, there are differences
in the speed at which this disconnection needs to take place. For example, the grid codes
established by the US North American Electric Reliability Corporation (NERC), Australia,
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and South Africa allow photovoltaic power plants to stay connected for a short duration
of 0.16, 2, and 4 s, respectively, prior to disconnection if the frequency exceeds the upper
limit. On the other hand, in situations of underfrequency where the frequency falls below
acceptable thresholds, the majority of grid codes require an immediate disconnection of
PVPPs to prevent additional instability. A few notable exceptions are found in the grid
codes of NERC, Australia, China, and South Africa, which permit PVPPs to stay connected
for a specified period prior to disconnection. This delay aims to offer essential assistance
to the grid in situations of underfrequency, reducing the possibility of cascading failures
and providing an opportunity for additional stability measures to be implemented. The
varying methodologies highlight the regional differences in grid code requirements and
their alignment with local power system characteristics.

Independent systems operating synchronously, like those found in Great Britain,
Guyana, Ireland, Java–Bali (Indonesia), Lebanon, and Seychelles, frequently include ex-
tended time-limited frequency ranges within their grid codes, as demonstrated in Figure 25.
The outlined provisions address the heightened frequency sensitivity typical of smaller
or isolated systems, which are more susceptible to frequency excursion events because of
their restricted inertia and generation capacity. The Lebanese system, having functioned
under a generation deficit for decades, often faces significant underfrequency conditions.
This requires generators to endure these conditions for a minimum of several seconds until
the load-shedding schemes are able to respond. Lebanon possesses specific grid codes
tailored for wind and solar energy, with withstand ranges for non-variable renewable
energy sources potentially varying to address the system’s unique challenges. In the same
way, the Java–Bali system in Indonesia encounters regular underfrequency occurrences
alongside minor load shedding activities. The frequency withstand range has been broad-
ened to enhance system stability and resilience in response to these events. In Australia,
the grid code defines a specific narrow range for continuous (unlimited) operation while
also incorporating extended time-limited ranges. This modification tackles the tendency of
the Australian power system to undergo system splits, which may result in considerable
short-term frequency fluctuations. By accommodating these deviations, the grid code seeks
to improve system reliability during transient conditions. Table 12 represents grid codes
and limitations of various magnitudes, thresholds, and trip times for voltage and frequency
on the utility grid.
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Table 12. Magnitudes, thresholds, and trip times for voltage and frequency [177–179].

Standard ID Function Under Voltage
Threshold 2

Under Voltage
Threshold 1 Base Voltage Over Voltage

Threshold 1
Over Voltage
Threshold 2

Under
Frequency
Threshold 2

Under
Frequency
Threshold 1

Base
Frequency

Over
Frequency
Threshold 1

Over
Frequency
Threshold 1

AS 4777.2 Settings - AUS—22%
NZL—22%

AS 230 V & 240 V
NL 230 V

AUS +13%
NZL +9% - - AUS −3 Hz

NZL −3 Hz 50 Hz AUS +2 Hz
NZL +2 Hz -

Trip Time (s) 2 2 2 2 -

BDEW Settings −55% −20% 230 V +20% - - −2.5 Hz −2.5 Hz +2 Hz -

Trip Time (s) 0.3 1.5–2.4 0.1 - - 0.1 0.1 -

ARCONEL 003 Settings - −10% +10% - - −0.5 Hz 60 Hz +0.5 Hz -

Trip Time (s) - 1 1 - - - - -

VDE-AR-N 4105
Settings - −20% 230 V +10% +15% - −2.5 Hz 50 Hz +1.5 Hz -

Trip Time (s) - 0.1 0.1 0.1 - 0.1 0.1 -

CLC/TS 50549-1 Settings - −15% ≤1000 V +20% +30 −2.5 Hz −1.5 Hz 50 Hz +1.5 Hz -

Trip Time (s) - - - - -

CEI 0-21
Settings −60% −15% 230 V +10% +15% −2.5 Hz −0.5 Hz 50 Hz +0.2 Hz +1.5 Hz

Trip Time (s) 0.2 0.4 603
maximum 0.2 0.1 or 4 0.1 0.1 0.1 or 1

IEC/IEEE/PAS
63547 ≤30 kW Settings −50% −12% 120 V to 600 V +10% +20% - −0.7 Hz 60 Hz +0.5 Hz -

Trip Time (s) 0.16 2 1 0.16 - 0.16 0.16 -

IEC/IEEE/PAS
63547 >30 kW Settings −3 Hz −0.2 to −3 Hz

adjustable +0.5 Hz -

Trip Time (s) 0.16 0.16 to 300
adjustable 0.16 -

IEEE 929
Settings −50% −12% 120 V +10% +37% - −0.7 Hz 60 Hz +0.5 Hz -

Trip Time (s) 0.1 2 2 0.03 - 0.1 0.1 -

IEEE 1547
Category I

Settings −55% −30% 120 V to 600 V +10% +20% −3.5 Hz −1.5 Hz 60 Hz +1.2 Hz +2 Hz

Trip Time (s) 0.16 2 2 0.16 0.16 300 300 0.16

IEEE 1547
Category II

Settings −55% −30% 120 V to 600 V +10% +20% −3.5 Hz −1.5 Hz 60 Hz +1.2 Hz +2 Hz

Trip Time (s) 0.16 10 2 0.16 0.16 300 300 0.16

IEEE 1547
Category III

Settings −50% −12% 120 V to 600 V +10% +20% −3.5 Hz −1.5 Hz 60 Hz +1.2 Hz +2 Hz

Trip Time (s) 2 21 13 0.16 0.16 300 300 0.16

Gazette of India
Part III—Sec.4

Settings −20% 230 V +10% - - −2.5 Hz 50 Hz +0.5 Hz -

Trip Time (s) - 2 2 - - 0.2 0.2 -

EN 50438
Settings - −15% 230 V +10% +15% - −2.5 Hz 50 Hz +2 Hz -

Trip Time (s) - 1.5 0.2 3 - 0.5 0.5 -
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Table 12. Cont.

Standard ID Function Under Voltage
Threshold 2

Under Voltage
Threshold 1 Base Voltage Over Voltage

Threshold 1
Over Voltage
Threshold 2

Under
Frequency
Threshold 2

Under
Frequency
Threshold 1

Base
Frequency

Over
Frequency
Threshold 1

Over
Frequency
Threshold 1

G 59
Settings −22% −18% 230 V +17% +21% −2 Hz −0.5 Hz 50 Hz +0.2 Hz +0.5 Hz

Trip Time (s) 0.48 2.48 0.98 0.48 - 600 120 0

G 83
Settings −20% −13% 230 V +14% +19%

Trip Time (s) 0.5 2.5 1 0.5

GB-T 19964
Settings - −10% 220 V +10% +20%

Trip Time (s) - 10 0.5

GB-T 20046
Settings −50% −12% 220 V +10% +37% - −0.5 Hz 50 Hz +0.5 Hz -

Trip Time (s) 0.1 2 2 2–60 - 2 2 -

UNE/EN/IEC
62109

Settings - −3 Hz 50 Hz +2 Hz -

Trip Time (s) - - - -

UL 1741
Settings −0.7 Hz 60 Hz +0.5 Hz -

Trip Time (s) - 0.1 0.1 -
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4.2.4. Power Quality Requirement

Harmonic distortion denotes the deviation of voltage and current waveforms from
their optimal sinusoidal forms, frequently resulting in a notable power quality concern. Har-
monics in photovoltaic (PV) systems generally originate from the functioning of inverters,
converters, and various power electronic devices integrated into the system. In photo-
voltaic power plants (PVPPs), these devices play a significant role in causing waveform
distortion, which leads to elevated harmonic amplitudes in both current and voltage. This
distortion leads to increased energy losses in the power grid and can result in malfunctions
of grid-side protection devices, which may jeopardize the reliability of the system [214].
In response to these challenges, stringent rules have been implemented to ensure that
harmonic distortion levels remain within acceptable limits at the point of common coupling
(PCC). The total harmonic distortion (THD) metric is commonly used to quantify harmonic
distortion, applicable to both voltage and current, as outlined in pertinent standards [215].
The ongoing integration of PV systems into power grids has led to the development of
various standards aimed at regulating harmonic distortion levels. Most standards im-
pose similar requirements; however, there are notable exceptions, such as EREC G83 and
VDE-AR-N4105, which enforce more stringent limits, and are presented in Table 13. The
regulations specify that the total harmonic distortion for photovoltaic integration should
not exceed 3%, establishing a more stringent standard for power quality and adherence to
grid requirements. These rigorous measures guarantee that PV systems can merge effort-
lessly with the grid, maintaining its stability and performance without negative effects [182].
The current harmonics distortion limits for PV systems, including voltage ranges between
120 V and 69 kV, 69 kV and 161 kV and above 161 kV, are presented in Table 14, Table 15,
and Table 16, respectively. Furthermore, the voltage harmonics distortion limits for the PV
systems are presented in Table 17.

Table 13. Current harmonics distortion limits of the PV systems [11].

Standards Country Type Harmonic Order (h) Distortion Limit THD (%)

IEEE 1547 AS 4777.2,
GB/T, and ECM

Australia, China,
and Malaysia

Odd

33 < h
23≤ h≤ 33
17 ≤ h ≤ 21
11 ≤ h ≤ 15
3 ≤ h ≤ 9

<0.3%
<0.6%
<1.5%
<2%
<4%

<5%

Even 10 ≤ h ≤ 32
2 ≤ h ≤ 8

<0.5%
<1%

EREC G83 Standards UK

Odd
h = 3, 5, and 7
h = 9, 11, and 13
11 ≤ h ≤ 15

<(2.3, 1.14, and 0.77) %.
<(0.4, 0.33, and 0.21) %.
<0.15%

<3%

Even h = 2, 4, and 6
8 ≤ h ≤ 40

<(1.08, 0.43, and 0.3) %
<0.23%

IEC 61000-3-2 International
Standard

Odd
h = 3, 5, and 7
h = 9, 11, and 13
15 ≤ h ≤ 39

<(3.45, 1.71, and 1.15) %
<(0.6, 0.5, and 0.3) %
<0.225%

<5%

Even h = 2, 4, and 6
8 ≤ h ≤ 40

<(1.6, 0.65, and 0.45) %
<0.345%

CAN/CSA C22.3 Canada

Odd

h > 33
23 ≤ h ≤ 33
17 ≤ h ≤ 21
11 ≤ h ≤ 15
3 ≤ h ≤ 9

<0.33%
<0.6%
<1.5%
<2%
<4%

<5%

Even

h > 34
22 ≤ h ≤ 32
16 ≤ h ≤ 20
10 ≤ h ≤ 14
8 ≤ h ≤ 40

<1.0%
<0.5%
<0.4%
<0.2%
<0.1%

<5%
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Table 14. Current distortion limits for systems rated between 120 V and 69 kV [75].

Maximum Harmonic Current Distortion in Percent of IL
Individual Harmonic Order (Odd Harmonics)

ISC/IL 3 ≤ h < 11 3 ≤ h < 11 17 ≤ h < 23 23 ≤ h < 35 35 ≤ h ≤ 50 THD

<20 4.0 2.0 1.5 0.6 0.3 5.0
20 < 50 7.0 3.5 2.5 1.0 0.5 8.0
50 < 100 10.0 4.5 4.0 1.5 0.7 12.0
100 < 1000 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

Table 15. Current distortion limits for systems rated between 69 kV and 161 kV [75].

Maximum Harmonic Current Distortion in Percent of IL
Individual Harmonic Order (Odd Harmonics)

ISC/IL 3 ≤ h < 11 3 ≤ h < 11 17 ≤ h < 23 23 ≤ h < 35 35 ≤ h ≤ 50 THD

<20 2.0 1.0 0.75 0.3 0.15 2.5
20 < 50 3.5 1.75 1.25 0.5 0.25 4.0
50 < 100 5.0 2.25 2.0 0.75 0.35 6.0
100 < 1000 6.0 2.75 2.5 1.0 0.5 7.5
>1000 7.5 3.5 3.0 1.25 0.7 10.0

Table 16. Current distortion limits for systems rated >161 kV [75].

Maximum Harmonic Current Distortion in Percent of IL
Individual Harmonic Order (Odd Harmonics)

ISC/IL 3 ≤ h < 11 3 ≤ h < 11 17 ≤ h < 23 23 ≤ h < 35 35 ≤ h ≤ 50 TTD

<25 1.0 0.5 0.38 0.15 0.1 1.5
25 < 50 2.0 1.0 0.75 0.3 0.15 2.5
>50 3.0 1.5 1.15 0.45 0.22 3.75

Table 17. Voltage harmonics distortion limits of the PV systems [75].

Standards Country Voltage Bus Max. Individual
Harmonics THD (%)

IEEE 519 International
Standard

(V ≤ 1) kV
(1 ≤ V ≤ 69) kV

(69 ≤ V ≤ 161) kV
(V > 161) kV

5%
3%

1.5%
1%

8%
5%

2.5%
1.5%

IEC 61000-3-2 International
Standard

(2.3 ≤ V ≤ 69) kV
(69 ≤ V ≤ 161) kV

(V > 161) kV

3%
1.5%
1%

5%
2.5%
1.5%

4.2.5. Transient Requirements in Grid Code
Fault Ride Through (FRT)

Several countries have taken the initiative to create or revise grid codes, integrating
rigorous standards for reactive power control by photovoltaic (PV) systems. This shift
highlights the increasing necessity for PV plants to replicate the operational functionalities
of traditional power generation systems. The revised grid codes highlight the critical need
to maintain grid stability and reliability as renewable energy sources continue to grow
in prevalence. Among these requirements, the capability for FRT emerges as a crucial
characteristic that all grid-connected PV systems are required to fulfil. FRT allows PV sys-
tems to stay connected to the grid and offer assistance during disturbances, thus avoiding
disconnections that might worsen grid instability. In the event of system disturbances,
essential operating characteristics of the grid, including voltage and frequency, frequently
experience considerable effects. The variations in voltage at the point of common coupling
(PCC) are directly affected by the intensity and characteristics of the disturbance. The fluc-
tuations may interfere with the standard functioning of PV systems, resulting in possible
system instability if not addressed properly. To maintain grid stability, it is essential that PV
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systems are engineered to stay connected and operational throughout these occurrences.
Current regulations require that photovoltaic systems be controlled and maintain function-
ality for a designated period during disturbances, in accordance with the stipulations set
forth by grid operators. This functionality not only aids in preventing cascading failures
but also guarantees a seamless recovery of the grid once the fault has been resolved. By
following these requirements, PV systems can play a significant role in stabilizing grid
parameters, including voltage and frequency, during disturbances. The capability of PV
systems to withstand faults and deliver reactive power support underscores their essential
function in contemporary energy systems, facilitating smooth integration with the grid
and upholding operational reliability. This development in grid codes marks a crucial
advancement in establishing a more robust, sustainable, and dependable electricity grid,
equipped to facilitate the shift to renewable energy sources [216,217]. The generalized
limits for FRT, which include LVRT and HVRT requirements, are illustrated in Figure 26.
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Various categories of FRT are accessible, determined by the magnitude of voltage
disturbances and the necessary system reaction. Low-voltage ride-through (LVRT) is a
mechanism that maintains system functionality during voltage dips by supplying reactive
power to stabilize voltage levels. This is typically necessary for medium- and low-voltage
connected distributed energy resources, including photovoltaic systems and batteries. On
the other hand, zero voltage ride-through (ZVRT) represents a critical scenario of LVRT,
necessitating those systems to stay connected and supply reactive current during zero-
voltage situations, thereby supporting grid stability and recovery. Advanced inverters and
strong grid-support mechanisms are essential for ZVRT. High voltage ride-through (HVRT)
addresses the management of temporary overvoltage occurrences resulting from load
shedding, fault clearance, or switching operations, thereby ensuring the system remains
connected to maintain grid reliability. Furthermore, dynamic voltage ride-through (DVRT)
addresses dynamic voltage fluctuations, such as sags and swells, necessitating systems
to adapt their reactive power injection in real-time. Lastly, FRT broadens the concept
to encompass frequency disturbances, wherein systems modify their active and reactive
power output to stabilize frequency deviations. The integration of these capabilities ensures
that renewable energy systems play a vital role in maintaining grid stability, aligning with
modern grid code requirements for reliable operation.



Energies 2025, 18, 2221 56 of 80

Low-Voltage Ride-Through (LVRT) Requirement for Distribution Grids

Grid-connected renewable energy sources, especially solar PV systems, operate in a
system that follows grid voltage, ensuring synchronization with the grid through the use
of phase-locked loops (PLLs) [219]. However, they typically disconnect during faults to
prevent instability. In contrast, conventional power plants have adequate turbine inertia,
allowing them to endure faults and maintain grid stability during disturbances [220,221].
The growing integration of renewable energy sources, particularly non-inertial solar photo-
voltaic systems, presents a challenge in maintaining grid stability during fault conditions.
The abrupt disconnection of solar PV systems during faults can cause considerable power
withdrawal from the grid, which may ultimately result in grid failure. In response to this
challenge, updated grid codes require that grid-connected renewable energy sources pos-
sess fault ride-through (FRT) capabilities [222]. FRT enables RES inverters to stay connected
to the grid and provide power even amidst grid faults, thereby improving system reliability.
In solar PV systems, the capability for fault ride-through is attained by controlling the
voltage of the DC link capacitor within the inverter. This regulation establishes equilibrium
between the solar PV system and the grid, facilitating ongoing functionality. Low-voltage
ride-through (LVRT) is an aimed method for fault ride-through (FRT) that facilitates the
continued connection of renewable energy sources (RES) to the grid during low-voltage oc-
currences resulting from faults. LVRT for solar PV systems entails the provision of reactive
power to the grid via the inverter’s DC link. The injection of reactive power plays a crucial
role in stabilizing grid voltage, ensuring the operational reliability of the solar PV system
during faults, and ultimately assisting the grid while preventing cascading failures [223].

Until recently, the requirements for low-voltage ride-through (LVRT) in grid codes
were mainly focused on distributed energy resources (DER) connected at medium- or
higher voltage levels. Nonetheless, the most recent iteration of grid codes now requires
LVRT capabilities for all distributed energy resources, including those connected to low-
voltage distribution networks. This feature is crucial as the majority of distributed energy
resources at the low-voltage level are comprised of solar photovoltaic systems and other
inverter-based technologies such as batteries, which can easily incorporate low-voltage
ride-through functionality. Disconnecting a significant amount of these resources during
undervoltage occurrences presents risks to system reliability, highlighting the critical nature
of this requirement. Despite similarities, the requirements for low-voltage connections
regarding LVRT vary from those applicable to medium- and high-voltage systems. For ex-
ample, LVRT envelopes at the low-voltage level typically do not consider situations where
residual voltage levels fall to zero. The German low-voltage grid code indicates that syn-
chronous machines are exempt from riding through voltage dips that fall below 30% of the
nominal voltage, whereas non-synchronous generation has a threshold of 15%. In 2016, the
Japanese grid code for residential PV applications lowered the residual voltage threshold
from 0.30 per unit to 0.20 per unit for a duration of 1 s. Furthermore, photovoltaic systems
in Japan are required to regain a minimum of 80% of their power output within a timeframe
of 0.2 s. A notable difference is the absence of a mandate for low-voltage distributed energy
resources to offer voltage support during low-voltage ride-through events by supplying
reactive or active current. The German standard stipulates that non-synchronous genera-
tion and storage units must stop injecting current when residual voltages fall below 80%
of the nominal voltage. The IEEE 1547-2018 standard [224] adopts a unique perspective
by treating LVRT requirements uniformly, irrespective of connection voltage levels. In-
stead, it enables the relevant authorities overseeing interconnection requirements—such
as operators, utilities, or regulators—to choose from three established LVRT profiles that
differ in their levels of strictness. This adaptability allows governing bodies to synchronize
performance benchmarks with the particular distributed energy resource technology em-
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ployed and the stability requirements of their electrical systems [165]. In general, LVRT
requirements are represented by a voltage vs. time graph, as illustrated in Figure 27, which
indicates a generalized LVRT criterion for grid-connected PV systems.
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Photovoltaic (PV) power plants must maintain continuous operation as long as the
voltage at the point of common coupling (PCC) remains within the specified parameters
of Area 1. However, during a fault that leads to a voltage drop at time t0, the operational
condition of the PV system is affected by both the duration and the severity of the voltage
sag. If the voltage is maintained at or above the minimum threshold defined for Area 2,
the PV system is required to remain connected to the grid. This allows for the provision
of additional services, including reactive power support, which aids in maintaining grid
stability and assists in returning to normal operations after a fault has been resolved. The
fundamental parameters governing grid stability, including the minimum and maximum
voltage thresholds (Vmin and Vmax), as well as the maximum permissible fault duration
(tmax f ) and recovery duration (tmaxr ), vary according to the grid codes established by each
country. These parameters play a critical role in ensuring reliable system operation and
compliance with national grid standards. The values are customized to meet the particular
grid standards and operating conditions of the respective region, guaranteeing that PV
systems can efficiently enhance grid resilience during disturbances. Table 18 represents the
different parameters of LVRT in various countries. Also, Figure 28 illustrates the parameters
of the LVRT limitations in various countries.

Table 18. Parameters of the LVRT in various countries.

Country During Fault Post Fault

Vmin (%) tmaxf (s) Vmax (%) tmaxr (s)

Denmark 20 0.5 90 1.5
China 20 0.625 90 2
United Kingdom 15 0.14 80 1.2
Japan 20 1 80 1.2
Romania 15 0.625 90 3
USA (NERC) 15 0.625 90 3
Puerto Rico (PREPA) 15 0.6 85 3
Brazil 20 0.5 85 1
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Zero Voltage Ride-Through (ZVRT)

Zero voltage ride-through (ZVRT) represents a significant advancement over low-
voltage ride-through (LVRT), aimed at addressing the most extreme grid disturbances,
particularly situations where the voltage at the point of common coupling (PCC) falls to
zero [226]. In these situations, it is essential for Renewable Energy Source Power Plants
(RESPP) to stay connected to the grid for a specified duration, delivering reactive current to
aid in voltage recovery and stabilize the power system. ZVRT is essential for maintaining
the reliability and strength of contemporary power grids, particularly as renewable energy
sources become more prevalent [227]. In comparison with conventional power plants that
possess considerable inertia, renewable energy systems based on inverters do not have built-
in properties for stabilizing the grid. Consequently, grid codes globally have implemented
zero voltage ride-through requirements to guarantee that renewable energy sources can
maintain operation during significant voltage drops, thereby enhancing grid stability. The
requirements for ZVRT encompass defined thresholds for voltage recovery (Vmax) and
the maximum duration (tmaxr ) permitted for the system to regain stability following a
fault. The parameters exhibit considerable variation among countries to address local grid
characteristics and stability requirements:

1. Italy

The Italian grid code requires that RESPP must withstand faults and stay connected
for a duration of up to 200 ms when the voltage at the PCC falls to zero. After the fault
has been cleared, the system should remain operational without disconnection if the PCC
voltage returns to a minimum of 85% of the rated value within 1.5 s. This requirement
guarantees that PV systems are capable of aiding in grid recovery, thereby minimizing the
potential for cascading failures [228].

2. Germany

The grid code in Germany outlines ZVRT requirements, allowing for a duration of
zero voltage at the PCC for up to 150 ms. Subsequently, the voltage is required to return to
a minimum of 90% of the nominal PCC voltage within a timeframe of 1.5 s. The established
thresholds aim to achieve a harmonious balance between grid stability and the operational
practicality of renewable energy systems. The German GC highlights a quicker and more
resilient grid recovery by necessitating a higher recovery voltage than Italy [202,229,230].
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3. Spain

The Spanish grid code encompasses detailed ZVRT standards, requiring that RESPP
must withstand any voltage disturbance at the PCC. This encompasses disruptions resulting
from three-phase faults, two-phase-to-ground faults, single-phase faults, and various other
contingencies. The Spanish GC outlines specific criteria regarding the magnitude and
duration of faults, ensuring that RESPP is capable of withstanding and contributing to grid
stability across various fault scenarios [225,231].

4. Australia

The Australian grid code ranks as one of the most rigorous in the world. It is necessary
for RESPP to maintain connectivity even if the PCC voltage, after falling to zero, stays
below 80% of the nominal value for a duration of up to 450 ms. The prolonged timeframe
highlights the unique requirements of the Australian grid, especially its dependence on
renewable energy sources in isolated regions that have restricted grid assistance. The
enhanced requirements guarantee that RESPP is equipped to manage extended disruptions
and persist in aiding the grid’s restoration [218].

Significance of ZVRT Requirements

The requirements for ZVRT tackle a significant issue in contemporary power grids:
the deficiency of inertia in renewable energy systems. In traditional power systems, syn-
chronous generators equipped with substantial rotating masses contribute inertia, allowing
them to stabilize the grid during faults by counteracting swift fluctuations in frequency and
voltage. Renewable energy systems, especially solar PV and wind, lack inherent inertia,
which renders them more vulnerable to disconnection during significant disturbances. The
parameters of the ZVRT limitations in various countries are presented in Table 19.

Table 19. Parameters of the ZVRT in various countries.

Country During Fault Post Fault

Vmin (%) tmaxf (s) Vmax (%) tmaxr (s)

Germany 0 0.15 90 1.5
USA (WECC) 0 0.15 90 1.75
Australia 0 0.45 80 0.45
Canada 0 0.15 85 1
Italy 0 0.2 85 1.5
Spain 0 0.15 85 1
South Africa 0 0.15 85 2
Malaysia 0 0.15 90 1.5
South Korea 0 0.15 90 1.35

The implementation of Zero Voltage Ride-Through (ZVRT) guarantees that renewable
energy systems contribute to grid stability and reliability during faults by supplying reac-
tive power support through the injection of reactive current into the grid. This assistance
ensures voltage levels remain stable and aids in the recovery process. Ensuring system
connectivity amid voltage fluctuations is crucial for minimizing the potential for exten-
sive outages. Additionally, renewable energy systems are essential for enhancing system
stability by aiding the grid in returning to normal operations following fault resolution,
thus guaranteeing a dependable and steady electricity supply. Figure 29 illustrates the
parameters of the ZVRT limitations in various countries. This presents a comparative
analysis of low-voltage ride-through (LVRT) and zero-voltage ride-through (ZVRT) re-
quirements for grid-connected systems across different countries. In (a) illustrates the
voltage recovery profiles for Germany, China, and Denmark, highlighting variations in the
allowable duration of voltage dips and recovery timeframes. These requirements ensure
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grid stability by preventing premature disconnection of renewable energy systems during
transient faults. In (b) compares ZVRT implementations in various national grid codes,
including Malaysia, South Africa, Germany, Australia, the USA, Canada, Spain, and Italy,
demonstrating differences in voltage restoration strategies. These regulatory frameworks
play a crucial role in maintaining power system reliability and facilitating the integration
of renewable energy sources.
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High-Voltage Ride-Through (HVRT)

Modern grid codes highlight the necessity for photovoltaic (PV) power plants to
maintain their connection to the grid in the event of overvoltage disturbances. This is
essential for mitigating significant instability resulting from voltage swells and for main-
taining overall grid voltage reliability [232]. This capability, referred to as high-voltage
ride-through (HVRT), serves as an alternative mechanism to low voltage ride-through
(LVRT), which focuses on addressing voltage sags. Voltage sags, often resulting from faults
or disturbances, are more prevalent; however, voltage swells, despite their lower frequency,
can pose considerable challenges for the operation of power systems if not addressed
properly. HVRT is developed to address these challenges by allowing PV systems to with-
stand temporary overvoltage situations without disconnecting from the grid. The HVRT
requirements set up by MGCs vary considerably across nations, showcasing the differences
in operational approaches, power generation capabilities, and the necessities for grid stabil-
ity [233,234]. For instance, the grid codes in Australia and Spain enforce rigorous HVRT
standards, mandating that PV systems endure voltage increases of up to 130% of the rated
voltage at the point of common coupling (PCC) [235]. This threshold aligns with numerous
international grid codes; however, certain standards establish even higher thresholds. In
the United States, the PREPA (Puerto Rico Electric Power Authority) standard permits
PV systems to withstand overvoltage reaching 140% of the rated voltage for a duration
of 1 s. The observed differences underscore the customization of HVRT requirements to
align with the unique attributes of regional power systems and grid configurations [236].
Managing voltage swells is essential for the successful integration of renewable energy
sources such as photovoltaic systems into the grid. By mandating HVRT capabilities, MGCs
facilitate the active contribution of PV plants to grid stability during overvoltage situations,
thereby minimizing the risk of cascading failures and ensuring a dependable electricity
supply. Figure 30 presents a comparative analysis of HVRT requirements among countries
such as South Africa, Malaysia, Australia, the United States, Italy, Spain, and Germany,
highlighting the differences in regulatory stringency. The observed variations highlight the
necessity of tailoring HVRT standards to address the specific challenges and operational
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needs of diverse power systems. The parameters of the HVRT limitations in different
countries are presented in Table 20.
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Table 20. Parameters of the HVRT in various countries [240].

Country During Fault
Vmax (%) tmaxf (s)

Germany 120 0.1
Australia 130 0.6
Italy 125 0.1
Spain 130 0.25
Malaysia 120 Continuous
South Africa 120 0.15
Puerto Rico (PREPA) 140 1
USA (WECC) 120 1
USA (NERC) 120 1
Denmark 120 0.1
Brazil 120 2.5
China NE * NE *
Japan NE * NE *
Romania NE * NE *
Canada NE * NE *
United Kingdom NE * NE *

* NE—HVRT requirements are not established in grid codes.

4.3. Frequency Support

Grid frequency deviations occur due to multiple factors, such as power generation
loss, aging power generation systems, and the increasing reliance on renewable energy
sources (RES) that frequently do not provide built-in grid support capabilities. Additional
factors involve abrupt disruptions in renewable energy source productivity caused by
significant fluctuations in solar irradiance and wind speed, along with load variability,
which has consistently been a defining feature of power systems, whether traditional or
modern [241,242]. The noticed deviations, characterized by fluctuations in voltage and
frequency, signify an imbalance between the generation and consumption of power. To
address these imbalances, grid codes specify that during over frequency conditions there
is a need to decrease active power generation, whereas underfrequency conditions call
for an increase in active power generation—assuming that energy reserves are accessible.
Frequency support mechanisms are essential for maintaining grid stability during imbal-
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ances. An advanced approach involves Fast Frequency Support (FFS), which improves
the frequency stability of inertia-less generation units during the initial seconds after a
substantial power imbalance occurs. FFS is divided into inertial response (IR), primary
frequency response (PFR), and secondary frequency response (SFR), with each component
targeting specific phases of frequency recovery:

Inertial response (IR): It is characterized by its immediate occurrence following a fre-
quency disturbance, where alterations in frequency directly influence the rotational speed
and kinetic energy of generation units. In traditional power systems, inertia is a fundamen-
tal characteristic of synchronous generators because of their rotating masses. Nonetheless,
FFS replicates this behavior in RES units by implementing controlled responses during the
crucial 0.5-s interval when load-generation imbalance takes place. IR effectively constrains
the rate of change of frequency (ROCOF) by harnessing the stored kinetic energy within
the system.

Primary frequency response (PFR): Following an inertial response, PFR modifies active
power generation via the governor action of synchronous generators to stabilize system
frequency by achieving a balance between generation and consumption. This response
generally engages within 5 to 30 s following the disturbance and is essential for preserving
grid stability throughout the transient phase.

Secondary frequency response (SFR): Once PFR stabilizes the frequency, SFR works
to restore the system frequency to its nominal value through automatic generation con-
trol (AGC). This response functions over an extended period, delivering a continuous
adjustment to maintain grid stability [243–245].

The evaluation of FFR’s dynamic performance is conducted through three essential
indices [243,246]:

1. The rate of change of frequency (ROCOF): The time derivative of the system frequency
(df/dt), serving to quantify the initial rate of frequency deviation that occurs after a
disturbance.

2. Frequency nadir: The lowest frequency value attained during the transient phase,
affected by system inertia and primary frequency response [247].

3. Steady-state frequency deviation: The peak frequency variation at which the system
reaches stability following a notable power imbalance, defined by the quantity of PFR
provided within a designated timeframe.

The time frames involved in the system frequency response and network frequency
divided among various problems and stabilizing features are demonstrated in Figures 31
and 32, respectively.
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Recent advancements in grid-supporting technologies have led to the development of
controllers that can offer both voltage and frequency support, exemplified by the proposal
in [148]. These controllers employ adjustable gradients to manage active and reactive
power flows, enabling smooth transitions between grid-feeding and grid-loading modes.
The integration of innovative solutions in modern grid codes aims to improve the stability
and reliability of power systems, particularly as renewable energy sources become more
prevalent and grid conditions evolve dynamically.

Figure 33 illustrates the incorporation of synchronous generators alongside renewable
energy sources, including photovoltaic (PV) and wind power systems, into the grid to
provide frequency support. The synchronous generator establishes a connection to the
grid through an electromagnetic (physical) link, imparting inherent inertia to the system.
Conversely, renewable energy sources like photovoltaic and wind systems utilize a control-
based grid connection to enable fast frequency response (FFR). FFR-enabled PV systems
and wind turbines engage in frequency regulation by dynamically modifying their power
output in reaction to frequency variations. This integration guarantees a stable and reli-
able grid by utilizing the synergistic advantages of conventional synchronous generation
alongside the sophisticated control capabilities of renewable energy systems.

Energies 2025, 18, x FOR PEER REVIEW 63 of 82 
 

 

 
Figure 32. Network frequency divided among problems and stabilizing features [242]. 

Recent advancements in grid-supporting technologies have led to the development 
of controllers that can offer both voltage and frequency support, exemplified by the pro-
posal in [148]. These controllers employ adjustable gradients to manage active and reac-
tive power flows, enabling smooth transitions between grid-feeding and grid-loading 
modes. The integration of innovative solutions in modern grid codes aims to improve the 
stability and reliability of power systems, particularly as renewable energy sources be-
come more prevalent and grid conditions evolve dynamically. 

Figure 33 illustrates the incorporation of synchronous generators alongside renewa-
ble energy sources, including photovoltaic (PV) and wind power systems, into the grid to 
provide frequency support. The synchronous generator establishes a connection to the 
grid through an electromagnetic (physical) link, imparting inherent inertia to the system. 
Conversely, renewable energy sources like photovoltaic and wind systems utilize a con-
trol-based grid connection to enable fast frequency response (FFR). FFR-enabled PV sys-
tems and wind turbines engage in frequency regulation by dynamically modifying their 
power output in reaction to frequency variations. This integration guarantees a stable and 
reliable grid by utilizing the synergistic advantages of conventional synchronous genera-
tion alongside the sophisticated control capabilities of renewable energy systems. 

 

Figure 33. Renewable energy providing frequency response [248]. Figure 33. Renewable energy providing frequency response [248].



Energies 2025, 18, 2221 64 of 80

4.4. Dynamic Voltage Support

The fault level serves as a crucial parameter in the functioning of power grids, sig-
nificantly affecting voltage stability and the grid’s capacity to adapt to changes in power
generation and demand. The sensitivity of grid voltage to variations in active and reactive
power is determined, typically expressed as dV/dP and dV/dQ [249]. A low fault level,
which suggests a weak grid, results in high sensitivity, meaning that even small variations
in active or reactive power can lead to considerable voltage deviations. On the other hand, a
high fault level, characteristic of a robust grid, leads to low sensitivity, thereby guaranteeing
minimal voltage fluctuations in response to power changes. This parameter serves as a mea-
sure of the grid’s ability to maintain stability during short-circuit scenarios by enabling the
injection of reactive current [250]. The capacity to maintain system stability during faults is
essential for guaranteeing uninterrupted operation and preventing voltage collapses. In
grids characterized by low fault levels, various challenges emerge, including instability,
oscillations, and the risk of voltage collapse, particularly during fault conditions or abrupt
shifts in power flow. Voltage sags, typical disturbances in weak grids, can significantly
affect grid operation and equipment performance. To address this issue, it is crucial to
inject extra reactive current during the sag to stabilize and maintain grid voltage [251]. The
characteristics of voltage profiles during sags are affected by the severity and length of the
disturbance. Studies show that, for effective voltage support, power converters need to
stay connected even in extreme conditions. In the case of very deep sags, it is anticipated
that converters will remain connected for a minimum of 0.15 s, a timeframe regarded as
relatively short [252]. In a similar manner, during moderate voltage sags, it is essential for
converters to maintain operational status for a duration of up to 2 s, which is classified as a
long-duration event. This requirement guarantees that the system can withstand transient
faults and achieve stabilization prior to the need for disconnection [252]. Furthermore, the
relationship between reactive and active power injection is crucial for fulfilling voltage
support needs. In situations of significant voltage sags, solely reactive power is introduced
to maintain voltage levels, whereas in less severe sags, both active and reactive power are
necessary to ensure sufficient voltage support.

Dynamic voltage support plays a crucial role during faults, necessitating that converter-
based renewable energy systems (RESs) contribute to stability through the injection of
reactive current. The current injection is directly proportional to the difference observed
between pre-fault and faulted voltage conditions, applicable to both positive and negative
sequence systems. Dynamic voltage support plays a crucial role in stabilizing the grid while
enhancing several performance metrics, including current quality, DC-link voltage ripple,
and the stability of instantaneous active and reactive power. The enhancements are essential
for guaranteeing smooth functionality, particularly in grids that include a significant
proportion of renewable energy sources. The effectiveness of dynamic voltage support is
fully associated with the fault level or system strength. In weak grids characterized by
low fault levels, the injection of reactive current assumes greater importance due to the
system’s increased vulnerability to instability and voltage fluctuations [253]. In response
to these challenges, numerous advanced approaches have been suggested in the existing
literature. The strategies emphasize enhancing existing quality, minimizing DC-link voltage
fluctuations, and refining the control of instantaneous active and reactive power in the
event of faults. Implementing these measures is crucial for reducing the negative impacts
of low fault levels and maintaining grid stability [254,255]. Hence, the fault level plays a
vital role in assessing the stability and resilience of a power grid. Low fault levels pose
considerable challenges, such as increased sensitivity to power fluctuations, a greater risk
of instability, and problems related to voltage sags. The injection of reactive current for
dynamic voltage support is crucial in addressing these challenges, especially in weak
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grids. Ongoing developments in converter technology and control strategies are aimed at
improving the grid’s ability to endure and recover from disturbances, thereby ensuring a
reliable and resilient power supply, particularly with the growing integration of renewable
energy sources [255].

4.5. Dynamic Reactive Current Injection

Grid-connected PV power plants must increase their reactive current production in
order to recover grid voltage more quickly during voltage drops at the point of common
coupling (PCC). The implementation of this reactive current injection facilitates rapid
stabilization and recovery of the voltage levels. Furthermore, grid codes implemented
in countries like Spain [202] and Germany [256] require that photovoltaic power stations
withdraw reactive current when faced with overvoltage conditions. The outlined require-
ments are essential for preserving voltage stability and guaranteeing the grid’s reliability
amidst fluctuating operating conditions. The grid codes in Spain and Germany establish
a “dead zone” for the voltage at the point of common coupling (PCC), generally ranging
from 0.9 p.u. to 1.1 p.u., with no changes to the reactive current being necessary within this
range. When the PCC voltage falls below 0.9 p.u., it is required that PV power stations inject
reactive current in proportion to the voltage deviation. For example, the Chinese national
standard determines that the injected reactive current (IT) must adhere to particular formu-
las that are determined by the PCC voltage magnitude (UT) in per unit (p.u.) and the rated
output current of the PV power station [257]. The application of these formulas guarantees
that the PV system reacts effectively to voltage fluctuations, aiding in the prompt recovery
of grid voltage. The response time is a crucial factor in the requirements for reactive current
injection, as any delays in the delivery of reactive current can worsen voltage instability.
Grid codes typically outline the maximum permissible response times to guarantee timely
action. The national standard in China stipulates that the response time for dynamic reac-
tive current injection should not surpass 30 ms [257]. The German grid code establishes
more rigorous standards, mandating a response time of under 20 ms. The stringent time-
frames guarantee that PV systems respond promptly to voltage dips, thereby preventing
extended instability [256]. The dynamic reactive current injection curves for different grid
codes involved in various countries are shown in Figure 34. In Figure 34, the notation (*) in
i∗q and V+1 signifies per-unit (p.u.) values, a standard approach in power system analysis
to normalize quantities relative to their nominal values. This normalization facilitates a
uniform comparison of reactive current injection (i∗q ) and voltage deviation (V+1) across
different grid codes. By employing per-unit representation, it enables a consistent eval-
uation of grid compliance strategies across multiple countries, ensuring scalability and
comparability in the analysis of voltage support and reactive power control mechanisms in
renewable energy.
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4.5.1. Power Factor Capabilities

Solar photovoltaic (PV) systems play a vital role in modern power grids, especially
as renewable energy sources become more integrated. To maintain grid stability and
reliability, solar PV systems are required to actively manage various variables, such as
active power, reactive power, and power factor. The functionalities of PV systems enable
them to maintain voltage levels within acceptable limits and support the specific conditions
established in grid codes or standards.

4.5.2. Power Factor Requirements Across Standards

Solar PV systems are often required to function within a defined power factor range,
as specified by several grid codes. Among the standards examined, nine specifically
incorporate this requirement, as outlined in Table 21. The specified standards outline
the acceptable ranges for power factor, generally allowing for both leading and lagging
conditions, which reflect whether the PV system is providing or consuming reactive power.
The thresholds for power factor differ across various standards [255]:

1. The International Standard IEEE 929 and the Indian standard “Gazette of India: Part
III—Sec.4” establish a wider range of ±0.85 for the power factor, providing greater
flexibility in the operation of PV systems.

2. Many other standards impose more stringent thresholds, generally within a ±0.95 range.
This facilitates improved management of reactive power contributions from photovoltaic
systems, thereby strengthening grid stability and reducing voltage fluctuations.

Table 21. Power factor thresholds [255].

Standard Condition Depending on
Rated P or S, Location or Year

Normal Stationary
Operating Conditions PF Leading Limit PF Lagging Limit

AS 4777.2 - from 25% to 100% of
output current 0.95 0.95

BDEW - at any P 0.95 0.95
CLC/TS 50549-1 - - 0.9 0.9

CEI 0-21 - - 0.9 0.9
IEEE 929 - output >10% of rating 0.85 0.85

VDE-AR-N
41052

≤13.8 kVA - 0.95 0.95
>13.8 kVA - 0.9 0.9

Gazette of India
Part III—Sec.4

on or after 2007

near load centre operating at
rated output 0.85 0.95

Far from load centres - 0.9 0.95
Gazette of India
Part III—Sec.4

on or after 2014
- - 0.85 0.95

EN 50438 - ≥20% of its Pn 0.9 0.9
- <20% of its Pn Q/Pn ≤ 0.1 Q/Pn ≤ 0.1

G 59 - Operating at rated power 0.95 0.95
G 83 - Operating at rated power 0.95 0.95

GB-T 199644 - Under rated power 0.95 0.95
GB-T 20046 - ≤50% of its Pn - 0.9

IEEE 1547
≥20% of its Pn Q/Pn ≤ 0.44 Q/Pn ≤ 0.25
<20% of its Pn Q/Pn ≤ 0.44 Q/Pn ≤ 0.44

Certain standards provide additional clarification on power factor requirements, based
on specific factors [255]:

1. Rated Active or Apparent Power: The German standard VDE-AR-N 4105 modifies
power factor requirements according to the rated capacity of the photovoltaic system.
Larger systems are compelled to comply with more stringent regulations because of
their considerable influence on the grid.

2. Location and Commissioning Date: The Indian standard “Gazette of India: Part III—
Sec.4” takes into account the geographical location of the PV system as well as the year
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it commenced operation, focusing on regional grid conditions and the development
of technical standards over time.

4.5.3. Injection and Absorption of Reactive Power

The capability of solar PV systems to modulate reactive power in relation to active
power output underscores their significance in dynamic grid operations. For example:

1. The German standard BDEW requires that PV systems deliver reactive power at all
active power output levels, thereby guaranteeing consistent voltage support under
varying operating conditions.

2. The British standards G59 and G83 stipulate that reactive power support is necessary
solely when the PV system functions at its rated power. This more flexible approach
streamlines the criteria for smaller systems or those with restricted reactive power
capabilities.

4.5.4. Active Power Dependency and Operational Flexibility

The capability of solar PV systems to modulate reactive power in relation to active
power output underscores their significance in dynamic grid operations. For example:

1. In Germany, regulations permit reactive power injection at any active power level,
allowing PV systems to assist the grid even when operating at partial load or in
idle mode.

2. In the UK, standards emphasize reactive power support solely during peak active
power output. This approach simplifies operations but may restrict contributions to
voltage stabilization in low-load situations.

4.5.5. Dynamic Capabilities of Solar PV Systems

The active management of power factor and reactive power output allows solar
PV systems to adapt to real-time grid conditions, offering essential support for voltage
and frequency stability. The significance of these capabilities becomes especially evident
in grids characterized by substantial renewable energy integration, where variations in
power generation and demand are notably more pronounced. By adhering to grid code
requirements, PV systems can:

1. Address voltage fluctuations resulting from changes in active and reactive power flows.
2. Mitigate voltage fluctuations that may jeopardize grid stability or lead to disconnections.
3. Improve the robustness of the grid in the face of disruptions, including faults or

voltage sags.

4.5.6. Global Relevance

The incorporation of solar PV systems into power grids necessitates well-defined and
uniform standards to guarantee compatibility and reliability. Although many standards
provide comprehensive requirements for reactive current injection, several do not offer
explicit guidance on active current injection or its limitations. For example:

1. In the event of faults, the majority of grid codes permit photovoltaic systems to
function with no active power output, as long as the reactive current injection criteria
are satisfied. Nonetheless, as long as the nominal power of the inverters remains
within limits, photovoltaic systems can persist in supplying active power to the grid,
thereby enhancing stability.

2. The inconsistencies in grid codes underscore the necessity for unified and thorough
guidelines that encompass both reactive and active power contributions from photo-
voltaic systems.



Energies 2025, 18, 2221 68 of 80

Adhering to these guidelines and diligently managing their power output, solar PV
systems can play a crucial role in maintaining grid stability, improving power quality,
and supporting the transition to sustainable energy systems. The increasing prevalence of
renewable energy sources will heighten the significance of these capabilities, necessitating
advanced grid management strategies and continuous technological advancements.

4.6. Synchronization and Islanding Capabilities

Islanding in grid-connected photovoltaic (PV) systems takes place when the PV in-
verter persists in supplying power to local loads following disconnection from the grid.
This situation can result in problems like re-tripping of the line or damage to connected
equipment caused by out-of-phase reconnections, along with safety risks for utility line
workers who might believe the lines are de-energized. To mitigate these risks, several
standards established in requirements for anti-islanding (AI) guarantee that photovoltaic
systems can swiftly identify islanding conditions and halt their operation. For instance,
IEEE 1547 requires that photovoltaic systems below 10 MVA must identify and cease power
generation within 2 s of islanding. Testing requires the integration of an adjustable RLC
load in parallel with the inverter, followed by tuning it to achieve resonance at the grid fre-
quency. This process ensures that both active and reactive power remain balanced until the
grid current drops below 2% of the rated value. In the same way, IEC 62116 outlines similar
requirements for AI, evaluating PV systems across three power levels: 100–105%, 50–66%,
and 25–33% of their output capacity. The testing procedure entails adjusting reactive loads
in 5% increments, ensuring a maximum trip time of 2 s. While IEC 61727 does not contain
specific AI requirements, it points to IEC 62116 for further guidance. In the US, UL 1741
is consistent with IEEE 1547 regarding its AI provisions, whereas Germany’s VDE-AR-N
4105 permits compliance through various methods, including impedance measurement,
disconnection detection using an RLC resonant load, or voltage monitoring. The estab-
lished standards mandate that PV inverters must disconnect within a 5-s timeframe during
islanding, specifically under balanced power conditions at power levels of 25%, 50%, and
100%. Reconnection and the initiation of electrical power supply are not allowed until the
voltage magnitude and frequency are sustained within the limits defined by the interface
protection settings for a minimum duration, as specified in Table 22. The differences in
these limits across various standards can reach up to 93%.

Table 22. Interface protection settings for a minimum duration for island capability [256].

Standard CLC EN 50549-1 G 83 CEI 0-21 GM-T 20046 VDE-AR-N 4105

Time(s) 60 20 60 20–300 60

Grid codes represent the technical standards and regulations set forth by grid opera-
tors, aimed at guaranteeing the safe, stable, and efficient functioning of power systems. For
PV power stations, these grid codes outline the steady-state and transient requirements
that the systems must fulfil to integrate effectively into modern grids. The requirements
for steady-state conditions specified in grid codes emphasize the importance of ensur-
ing dependable functionality during standard operational scenarios. For example, grid
codes outline voltage control parameters, necessitating that PV systems implement reactive
power support and voltage droop methods to maintain grid voltage stability. They outline
obligations for frequency control, encompassing primary responses for swift adjustments
to frequency deviations and secondary responses aimed at long-term frequency restoration.
Furthermore, grid codes stipulate a defined power factor range (for instance, 0.95 lagging
to 0.95 leading) to facilitate efficient energy transfer, alongside stringent restrictions on
harmonic distortion, citing standards like IEEE 519 [256] and IEC 61000-3 [256] to main-
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tain power quality. In terms of transient requirements, grid codes outline the necessary
responses of PV power stations to grid disturbances. Fault ride-through (FRT) capabilities,
including low-voltage ride-through (LVRT) and high-voltage ride-through (HVRT), are
essential for maintaining the operational reliability of PV systems during voltage sags or
spikes, thereby preventing cascading failures. Grid codes additionally encourage dynamic
frequency support, necessitating sophisticated inverters to deliver synthetic inertia and
rapid frequency response for grid stabilization. Voltage recovery support is an essen-
tial requirement, necessitating post-fault reactive power injection and a controlled active
power ramp-up to ensure a smooth restoration of normal operating conditions. Grid codes
highlight the importance of synchronization and islanding detection, crucial elements for
ensuring safety and adherence to regulations. Phase-locked loops (PLLs) serve the critical
function of ensuring accurate synchronization of photovoltaic systems with grid voltage
and frequency. Meanwhile, sophisticated algorithms are employed to identify unintentional
islanding, enabling the disconnection of the PV system to prevent potentially dangerous
operations. In summary, grid codes provide a detailed framework for the integration of PV
power stations into the grid. By outlining both steady-state and transient requirements, they
promote grid stability, improve operational safety, and support the widespread integration
of renewable energy technologies.

5. Conclusions
In conclusion, integrating renewable energy into power grids represents a crucial

advancement in promoting sustainability and addressing the pressing global problems
related to climate change and energy security. Renewable energy sources like solar, wind,
and hydropower play a vital role in decreasing greenhouse gas emissions and facilitating a
shift towards a low-carbon energy future. Nonetheless, intrinsic variability and intermit-
tency present considerable technical and economic challenges that need to be addressed to
guarantee stable and reliable grid operations. The integration of renewables into existing
grid infrastructure presents a range of challenges, including voltage instability, frequency
fluctuations, grid congestion, reverse power flow, and the necessity for advanced energy
storage systems, underscoring the complexity of this endeavor.

The assessment of AC, DC, and smart grid frameworks highlights the importance
of implementing economical, efficient, and scalable solutions to address these challenges
proficiently. AC grids are prevalent in traditional power systems; however, DC grids
present advantages such as lower transmission losses and improved integration with re-
newable energy sources. This makes them especially advantageous for long-distance power
transmission and scenarios with high levels of renewable energy integration. Smart grids,
bolstered by advanced technologies like artificial intelligence (AI), the Internet of Things
(IoT), and blockchain, offer innovative solutions through real-time energy management,
predictive maintenance, demand response optimization, and secure energy transactions.
These advancements guarantee the effective functioning of renewable energy systems while
also promoting their enduring scalability and robustness.

Furthermore, the integration of renewable energy systems necessitates strong regu-
latory frameworks and revised grid codes to address compatibility, safety, and stability
challenges. Grid codes need to advance in order to establish operational standards, oversee
energy flow, and enable smooth integration between renewable energy sources and con-
ventional power systems. Regulatory bodies are essential in supervising the creation and
execution of grid codes, guaranteeing alignment between international and local frame-
works, and addressing specific challenges associated with solar PV and other renewable
energy sources. Policies that provide support and financial incentives enhance investment
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in grid modernization, energy storage, and advanced technologies, paving the way for
widespread adoption of renewable energy.

This study highlights the essential importance of combining technological innovations
with regulatory structures to ensure successful integration of renewable energy sources.
Innovations in energy storage, smart grid technologies, and supportive policies are em-
phasized as crucial instruments for addressing integration challenges and improving grid
efficiency. However, the large-scale deployment and commissioning of solar PV integration
with smart grids must consider its potential impact on the stability of the centralized
energy system, particularly in countries relying on nuclear and hydroelectric power plants.
The total capacity of all connected PV microgrids to the network—both collectively and
individually—must be carefully regulated to prevent excessive stress on the grid and ensure
system stability. Establishing upper limits on PV microgrid penetration, implementing grid
balancing measures, and enhancing coordination between renewable energy sources and
traditional power generation assets will be critical in maintaining a resilient, efficient, and
low-carbon energy system.

Additionally, strategies such as dynamic grid management, energy forecasting, and
demand-side response mechanisms should be adopted to mitigate potential disruptions.
Grid modernization efforts should incorporate advanced energy storage systems, flexible
transmission infrastructure, and enhanced real-time monitoring capabilities to support
the seamless integration of variable renewable energy sources. Moreover, collaboration
between policymakers, utility providers, and industry stakeholders is essential to develop
adaptive regulatory policies that align with evolving technological advancements and grid
requirements. By considering these factors comprehensively, renewable energy systems
can be effectively integrated into existing grids, maximizing their potential to drive a
sustainable energy transition while safeguarding grid stability and energy security.
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