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ABSTRACT

As a sustainable option to meet the rising global demand for energy, integrating solar photovoltaic (PV)
technology is essential to achieving sustainable energy goals. This study comprehensively reviews the
technological, economic, regulatory, and environmental aspects of solar grid integration, emphasizing practical
examples and detailed findings. It identifies critical challenges such as grid stability problems, the
intermittency of solar power, and high upfront infrastructure costs and significant advantages, such as lowering
GHG emission levels, increased energy access and reduced operating costs. The research approach includes a
thorough literature review of more than 204 peer-reviewed articles covering recent advances in solar
technology, grid integration issues, economic impacts, and policy frameworks. To facilitate solar PV
deployment and maximize its environmental and economic benefits, addressing technical and regulatory
barriers, investing in grid modernization and implementing supportive policies are critical. These findings
highlight significant opportunities for solar PV to address climate change and energy access, in line with
global sustainable development goals. The study concludes that, despite the challenges involved, integrating
solar PV into the main grid promises to deliver a safer, more secure and more efficient energy system.
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Abbreviation

BSS |Battery Storage System  |IEEE |Institute of Electrical and Electronics Engineers

CO2eg|Carbon Dioxide Equivalent{IEC |International Electrotechnical Commission

ESS |Energy Storage System IRENA(International Renewable Energy Agency

FITs [Feed-in Tariffs NREL |National Renewable Energy Laboratory
GHG |Greenhouse Gas RPS |Renewable Portfolio Standards

PV Photovoltaic SDG |[Sustainable Development Goals
INTRODUCTION

To ensure that the electrification demands of households for energy, water and food to meet, a substantial
portion of energy is needed for the electricity requirements to directly support the three sustainable
development goals: SDG2, SDG7, SDG13, and indirectly other SDGs [1]. Unfortunately, world energy
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demand is rising to the detriment of the environment around us. Fossil fuels are being misused in response to
energy sector growth. This considerable usage has an impact on climate change and is anticipated to affect the
physical, economic, cultural, and political equilibrium of our planet [2], [3]. Ensuring both energy
sustainability and the economic and social advancement of the population, it is imperative to adopt renewables,
as a key consideration regarding the ongoing shift to green energy [4]-[6]. In light of the present shortfall in
basic needs, the increasing requirements of a dramatically increasing population as well as the concerns about
climate change, it is necessary to find alternative energy options that can help achieve a sustainable energy
transition, as many hundred millions of people are left without electricity access [7], [8].

Worldwide demand of energy is projected to grow by 43% by 2035 [9]. As the global population grows and its
development advances, the level of needed energy is skyrocketing. Meanwhile, the production of energy from
fossil fuel sources is finite. Therefore, to solve this problem seems to be to create sustainable and unlimited
energy by using renewable sources for power generation. Non-toxic, harmless, limitless, and with no CO2
emissions to convert are only a couple of the features that make it such a captivating subject [10]-[12]. Some
nations have already begun to substitute conventional fossil fuel generation with renewables to ensure the
achievement of SDGs and the reduction of GHG emissions levels [13]. In addition, renewables play a crucial
part of the global energy economy and security [14], [15]. Over the years, the renewable energy sector has
grown dramatically and is anticipated to keep growing in the years ahead [16], [17].

According to the report of the renewable energy policy network, it shows that worldwide production capacity
from major renewable energy sources has risen by nearly 95 times by 2020 as compared to 2007 [18]. IRENA
said the global nations installed a historical 260 GW of renewable generating capacity in 2020, up by 50% on
the previous year as they lowered their dependence on traditional sources of energy [19]. Wind power and sun
energy are regarded as among the important renewables for generating power and have been developing at a
rapid speed in the past three decades [20].

At present, clean energy technologies are advancing and proven effective. PV energy is considered to be the
most attractive energy option as it is non-polluting and widely available around the world. Solar energy is
particularly advantageous in remote locations such as deserts or rural areas, where the difficulty of transporting
fuel and the unavailability of power grids make the use of fossil fuels difficult or impractical [21].
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Fig. 1: World solar energy map [23]

By way of comparison, 6.5 x 10%°J of solar energy reaches the earth in 1.5 hours, which is greater than the
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cumulative primary energy consumption of humanity on the planet in 1 year (~5.4 x 10%°) in 2013) [22]. Fig. 1
illustrates the global region of solar energy potential [23].

In the near future, large amounts of solar energy are expected to be integrated with existing grid systems in
most countries. Nevertheless, exploiting solar energy for uninterrupted power supply is still a challenge as it
involves the integration of conversion systems with effective storages to compensate for the intrinsic
intermittent nature and non-uniform geographic distributions of solar insolation [24]. It is projected that by
2040, PV technologies will be the largest contributor to power generation out of all other renewable energy
candidates [25]. In developing nations, there is strong market interest for PV systems in the form of rooftop
installations connected to the national grid, which will significantly expand the adoption of decentralized
renewable energy [26]. Customer preference for small-scale PV is driven by a combination of steadily rising
grid electricity prices and various government incentives making PV attractive and affordable, as well as
driving down the prices of PV technology [27].

In recent times, the need to improve solar photovoltaic (PV) generation plants' power conversion efficiency,
power quality, and grid integration into the main grid has become necessary. The feed-in tariff relay scheme,
which works well for the promotion of solar PV with eligible technologies, could be a challenge for grid
system security, power system stability, voltage quality, and other power quality disturbances associated with
unpredictable solar power supplies. As countries strive to shift to green energy, the use of solar PV
technologies faces technical, economic, and policy-related hurdles. These challenges can hinder the successful
adoption of solar energy, impacting network stability, electricity prices, and overall market dynamics.
Identifying these obstacles is critical to devising approaches to most appropriately integrate PV into existing
grid infrastructures.

The incorporation of PV into the electricity network is important for the achievement of a clean energy supply
as it enables renewables to ensure a substantial share in the global energy mix and reduces the dependence on
fossil fuel, limiting GHG emissions and promotes greener, more resilient energy generation [28]. Advanced
technologies like energy storage and smart grids make it possible for solar power to be more consistent and
reliable. In addition, grid integration supports the accessibility and cost-effectiveness of energy and promotes a
sustainable economic model for the production and use of energy that is ultimately in line with global
sustainability goals. However, large-scale grid-tied PV systems can induce backward power flows that can
affect the stability, reliability, and financial viability of the power system, leading to harmful outcomes such as
voltage transients and higher power losses. Proper optimization, allocation and use of energy storage system
(ESS) can successfully mitigate these drawbacks [29].

This review aims to comprehensively analyse these challenges while assessing the implications of solar PV
integration on different aspects of the electricity market. It will assess existing policy and regulatory
frameworks, such as net metering schemes and feed-in tariffs, to identify incentives and barriers to solar PV
deployment. The study will also explore the environmental, economic and social benefits associated with solar
PV integration, highlighting its potential to contribute to climate change mitigation and promote universal
access to clean energy. By exploring the synergies between solar PV and sustainable development goals, the
study aims to provide policymakers, industry stakeholders and researchers with valuable insights for
transitioning to a sustainable energy future.

METHODOLOGY

This study is purely a literature review and hence, does not contain any original results drawn from personal
experimentation, surveys, or practical field experience. The data used are mainly quantitative. A total of 204
peer-reviewed articles were used in the review. This review is structured into five major parts. The first part
contains an introductory section on solar energy. The second part discusses the overview of PV technology
along with related work. The third part of the paper examines grid integration challenges and strategies to
mitigate the challenges. The fourth part discusses the benefits of PV integration to the main grid. The paper
then concludes in the fifth part with a series of future work and recommendations regarding solar PV
integration to the main grid for sustainable power.

Page 275 www.rsisinternational.org


https://rsisinternational.org/journals/ijrias
https://rsisinternational.org/journals/ijrias
http://www.rsisinternational.org/

Ay
& L)

INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN APPLIED SCIENCE (1JRIAS)
ISSN No. 2454-6194 | DOI: 10.51584/1JRIAS |[Volume 1X Issue XII December 2024

% Rsis v

Front electrode (-)

Anti-reflection coating \

N- typesilicon () —>

Junction PN /
P- type silicon (-) —> l

A
Back electrode (+) /7 ‘ Current

I

Fig. 2: Semiconductor P-N Junction under Load
LITERATURE REVIEW
A. Overview of Solar Technology

The development of photovoltaic cell technology began in 1839, when Alexandre Edmond Becquerel first
documented the photovoltaic effect [30]. A major milestone occurred in 1946, when Russell Ohi produced the
first modern silicon photovoltaic cell. Current PV systems predominantly use thin silicon wafers for the
conversion of sunlight into electrical energy. As shown in Fig. 2, this progressive technology works based on
electron-hole pairing [31].

The key concept behind advanced solar cells is light trapping, which involves designing the cell's surface to
capture incoming light within a semiconductor, enhancing light absorption through multiple reflections.
Silicon-based PV cells have a layer structure which allows radiation to bounce back and forth between the
silicon layer and the surfaces of the cell. Each solar cell consists of two different semiconductor layers that
create a p-n junction. When a photon with adequate energy hits this junction, it releases an electron. This
electron gains energy from the photon and shifts to another layer, creating a vacancy (hole), that contributes to
electricity generation [32], [33].

1) Importance of PV energy: Solar energy is currently the most prevalent among distributed renewable
resources. The primary reason for its popularity is that it is renewable and accessible on a large scale almost
everywhere in the world [34]. A little computation reveals that the quantity of energy that the earth receives
from the sun in one hour is equal to the energy consumed by the world in one year [35]. Unlike nuclear energy,
there are no security or military risks associated with solar energy. In contrast with fossil fuels, sunlight is
available and abundant in most parts of the world. Like fossil fuels, solar energy is clean and produces very
little environmental impact [34]. Achieving SDG 7 and related synergies will face significant challenges in
improving energy access in remote, off-grid areas where, despite progress in urban areas, electricity access and
security are low or nonexistent [36].

2) Global Status of PV Deployment: Despite national and regional variability, accessibility to cheap, safe and
clean energy is increasing: By the end of 2021, 91% of the global population had access to energy, up from
87% in 2015, when the SDGs were initiated, thanks to the rapid adoption of cost-effective on-grid and Off-grid
electrification schemes [36]. There are inequalities within and between countries, leaving 745 million people
lacking electrification, with vast majority living in remote areas, where the electrification rate is around 80 %,
compared to 97 % in urban areas [36], [37].
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The installed global PV capacity increased by a record 407 GW in 2023, bringing the cumulative worldwide
PV capacity to 1,589 GW by the year-end 2023 [38], [39]. This continued the record-setting trend of PV
installations from 2007 to 2023 set a record for new installations as demonstrated in Fig. 3 [38].
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Fig. 3: lllustration of PV Installations from 2007 to 2023 [38]
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B. Types of Solar PV Systems
PV system is in three form which include grid tie, off-grid and hybrid systems.

1) Grid tie solar system: Grid connected PV systems are those that use solar photovoltaic panels for the
generation of electricity and its supply to the grid [40]. Grid-connected systems consist of solar panels, an
inverter, a meter, and a grid. Solar panels produce direct current, which the inverter converts to alternating
current that can be used by appliances. Excess power is sold back to the grid and paid for by the grid operator.
Electricity from the grid can be used at night or in bad weather when there is not enough solar power [41]. On-
grid solar has the disadvantage of not being able to store electricity in certain weather conditions or during a
power outage [42].

The drawback of the grid-supplied systems is the fact that they can only be operated in the daytime. It cannot
store power for future use, such as during a power outage. Although it is possible to address this disadvantage
by incorporating a battery pack to stores the electricity being generated throughout the day, this new feature
will ultimately contribute to the overall costs of the system [43]. Fig. 4 shows a schematic residential grid-
connected PV system [43].
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Fig. 4: Schematic residential grid-connected PV system [43]
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2) Off-grid solar system: Off-grid solar energy system, also called a "stand-alone™ system, has battery storage
[41]. Off-grid solar power converts solar radiation into electricity, which is converted by an inverter into an
alternating current. Excess electricity is stored in batteries to provide backup power when solar power is not
available [44]. However, when the electricity demand is high and there’s insufficient solar power or battery
power, it becomes impossible to meet the demands. A straightforward scheme for a PV standalone system is
shown in Figure 5 [45]. Thus, off-grid solar systems are more beneficial for people residing in isolated
locations without access to the main grid.
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Fig. 5: Off grid pv system [45].

3) Hybrid PV system: A hybrid system is a combined on-grid or off-grid PV system. By storing energy in
batteries for use at any time without drawing from the grid, this system is convenient to use and reduces
electricity costs. How the hybrid photovoltaic system works: Throughout the day, sunlight is converted into
electricity. In a similar way to an off-grid system, any excess power is stored in the batteries. If there is an
excess of stored electricity, it is fed back into the grid [46], [47]. The batteries can provide power in the
absence of solar or grid support. Similarly, if there is insufficient battery backup and no solar power,
uninterrupted power can be drawn from the grid and the battery can be charged [48], [49]. To eliminate the
drawbacks of on-grid and off-grid PV systems, a hybrid PV solution can be used rather than these two energy
generation approaches [50], [51]. Fig 6 show a possible hybrid power system schematic [52].

Meter

House / The Grid

Fig.6: Possible Hybrid Power System Schematic
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C. General information on the incorporation of PV into the grid

An electricity grid, also known as the power grid or electrical grid, is a complex network of inter-connected
components that generates, transmits, and distributes electricity to consumers. The main components of a
typical electricity grid consist of Power generation, transmission system, transformer substation, distribution
system, and loads [53].

Due to the difficulty of storing electrical energy, it is consumed at the same time as it is produced, so we are
constantly faced with a balance between production and consumption [54]. An electrical network must also
ensure the dynamic management of all production - transport - consumption, implementing settings aimed at
ensuring the stability of shared electrical quantities such as voltage and frequency which must be maintained
within acceptable margins according to a standard [55].

1) Grid synchronization: There is an increasing research focus on PV systems connected to the smart grid,
where a better comprehension, detailed analysis, and critical assessment of both regular and irregular grid
operation is required. Appropriate grid synchronization requires compliance with four critical factors: phase-
sequence, phase, voltage, and frequency [56], [57]. Fig. 7 shows a traditional grid connected PV system that
uses a series of advanced power electronic inverters to effectively capture the greatest amount of energy
possible out of the PV resource and deliver it to the grid.

VPV VdC Va(, PCIC
o ] e
PV DC-DC DC-AC = e
A~ &
? ? ig |Vg
——p MPPT Current
Controller
v
ig Synchronization
Unit
#P,Q @,P #Vﬂ
PO Power
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Fig. 7: PV Based Grid Tied System

Solar PV outputs (vpv) are low DC and need to be raised for multiple application using a DC-DC converter.
The DC-DC converter are mostly used to track the MPP on the I-V curve. The DC to AC inverter converts DC
to AC for grid-connected power appliances. Switching frequency harmonic generated by grid-connected
inverter [58]. The intermediate filter is used to manage the inverter current and prevent harmonics from the
switching frequency from reaching the grid. Since the injection of current into the grid is critical to the
efficiency and integrity of the system, this ensures efficient grid integration.

Grid-connected inverters need to be synchronized with the grid so that the inverter can deliver the correct
quantity of power even when the grid is fluctuating [59]. In a PV grid interconnection, the utility is responsible
for controlling the voltage output of the inverter, with the inverter using a current controller. For grid
synchronization and grid supervision, accurate measuring of phase, amplitude, and frequency is essential [60].
The synchronization control algorithm is critical for controlling the inverter and synchronizing it with the grid.
It is responsible for assuring that even if the grid voltage phase, frequency, and amplitude vary, the inverter
will be able to deliver maximum power to the grid. It has to monitor grid voltage signals, react to changes and
suppress harmonics [61], [62]. The inverter output voltage must be synchronized with the grid voltage to avoid
distortion and transient phenomena that can impact stability, safety and continuity.
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2) Benefits of incorporating PV into the main grid: Grid-tied solar PV systems generate electricity on the
consumer's side, so that the electricity is delivered to the appliance most efficiently, and in many situations, the
generating behavior of the solar PV system matches the usage behavior [53]. Both utilities and end-users are
attracted to distributed generation systems because of the benefits of grid-connected PV but from different
perspectives. Utilities are motivated by grid-connected PV because it allows them to harvest power from their
existing grid and sell it to their customers. Large-scale PV on the grid is perceived by many utility companies
as a means of offsetting traditional grid expansion [63]. The advantage of grid-connected PV from the point of
view of electricity consumers is that they can take advantage of standby or backup generation.

D. Review of Related Works

Interest in research and developments in PV systems is stimulated by the increasing potential of solar energy
around the world owing to plentiful sunlight and the drive to reduce CO2 emissions from power generation
systems. This huge potential has led to significant investments in PV research and integration into existing
grids, as well as an enormous growth in energy demand and usage, which is expected to reach 41% by 2035.
Firstly, sun shines differently in different parts of the world due to latitudinal differences. Also, the amounts of
insolation that reach the earth's surface are reduced by natural seasons and cloud cover. Suri et al. [64] found
out that cloudy weather greatly affects the output of larger PV farms, and that fluctuations in the cloud cover
lead to variations in the output power generated by the PV plant.

Paulescu et al. [65] discuss how to model the installations to enable better operation under varying atmospheric
conditions. Consequently, when examining the effects of incorporating solar into a main power grid, it is very
essential to account for the fluctuating cloud cover as an influential factor in power generation. In other words,
it is a challenging aspect for utilities as well as transmission and distribution system operators as the
integration of PV power is rising all over the world. At both transmission and distribution levels, the effects of
the integration are not completely understood. Also, Shaha et al. [66] report the technological problems related
to integrating PV on a large scale into electricity networks, such as stability issues, power quality, harmonics,
dynamic modelling, and grid codes. Depending on the grid structure and the distance from the main power
source, integrating PV may increase the voltage level and profile. It further summarizes the results of research
on technical solutions to address such challenges, especially in a comprehensive manner for transmission and
substation or medium-voltage distribution networks. Al-Sabounchi et al. [67] investigated the potential impact
of integrating PV into UAE's main grid by studying two utility-scale pilot plants with capacities of 9 kW and
36 kW. The study emphasized the importance of carefully selecting the installations site and size of the PV
based on the electricity requirements of customers and the generation patterns of the PV output. It was noted
that the nature of the grid, its layout, and the costs associated with transmitting and distributing the generated
electricity can differ from one region to another. This suggests that the considerations for integrating solar
power into the grid should take into account the specific characteristics and needs of the local area.

According to studies conducted by Widen et al. [68] stated that the increasing utilization of PV systems
presents unique difficulties in system modelling and simulation. With the rising implementation of distributed
photovoltaic generation in residential areas, it becomes crucial to comprehensively analyze its impact on
distribution grids. The study presents a stochastic method that employs intricate generation and demand
models to replicate the effects of PV generation on low-voltage networks. The study utilized a methodology
that involved power flow analyses using MATLAB in three low-voltage networks in Sweden. Its purpose was
to assess load adjustment, voltage levels, and network losses under various PV penetration rates. The findings
indicated that the integration of PV led to enhanced on-site demand response, alleviated voltage drops, and
decreased losses on the network. Similarly, Chowdhury and Khan [69] presented the modelling and assessment
of the performance of a PV system connected to an integrated IEEE 14 bus network using the software
MATLAB/SIMULINK. For various irradiances, load magnitudes, and load types, evaluate the efficiency of the
planned electrical grid. Simulation is performed about voltage swing and harmonic distortion at the point of
common coupling to investigate the impact of PV integration on major grid quality characteristics.

Celvakumaran et al. [70] analyzed various scenarios to assess the impact on power quality. The results
suggested that careful consideration is needed when designing net metering policies to avoid potential power
quality issues in the distribution network. The study recommended the implementation of proper grid codes,
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technical standards, and guidelines for the seamless integration of PV into the grid. Additionally, they
proposed the use of advanced inverters with grid-supportive features to mitigate the adverse effects on power
quality caused by high penetrations of solar PV. This study highlights the importance of proactive measures to
maintain power quality and grid stability in the context of increasing solar PV integration through net metering
schemes. Also, Shafiullah [71] explored the harmonics associated with integrating renewables into the
distribution network. This study assessed the harmonic effects of renewables integration at penetration levels
of 0%, 50%, and 100% for solar PV, as well as hybrid combinations with wind energy at 50% and 100%. The
results revealed that higher levels of renewables penetration led to increased harmonic distortion. Specifically,
at 100% PV integration, the current harmonic distortion exceeded standard limits, while voltage harmonic
distortion remained within acceptable thresholds.

Eni et al. [72] examined the opportunities, perspectives, and challenges associated with generating electricity
from PV at scale, demonstrating how decreases in the release of greenhouse gases of 1975.70 and 3590.03
Ib/day can be accomplished with solar energy integration rates of 10 and 20%. The findings of the
investigation revealed that the shift to clean and sustainable power generation via utility-scale PV can mitigate
the impact of GHG emissions and the diversification of power sources. A study by Widén et al. [73] analyzes
the incorporation of PV into the grid. The study aims to demonstrate the impact of the voltage level on
integrating PV into Sweden's grid. Three networks were the subject of the studies and had an impact on the
voltage increase at the bus. Two of the three networks had voltage spikes but no variation, and one had an over
voltage on a couple of buses. In addition, the study by Walla et al. [74] To quantify the capacity to
accommodate solar photovoltaic (PV) generation in the Swedish electricity distribution networks. Three grids,
which belong to the Swedish distribution network operator “Fortum”, are modelled and simulated in a Matlab
environment. The results show that Swedish grids can accommodate high PV penetration. For the rural and
suburban grids, an acceptance capacity of 60% of the PV electricity generation as a fraction of the annual load
has been determined. The study also demonstrated that the voltage profile is not the most important factor in
determining the maximum intrusion level. In addition to voltage level and profile, other six parameters, such as
the loading and losses of the lines, need to be considered when establishing the capacity of the networks. Lelis
et al. [75] evaluated the overvoltage concerns associated with the increasing PV incorporation into the grid.
The study employed an iterative power flow solution algorithm in the distribution networks. The results
indicated that the overvoltage situation could be mitigated by the reactive power control mechanism. Also,
You et al. [76] examined a variety of strategies to achieve improved frequency response without restricting PV
generation on the “US Eastern Interconnection network and the Texas grid”. In addition to exploiting available
grid resources, the authors investigated energy storage devices to improve the frequency response of
photovoltaic systems even in the presence of large amounts of solar energy. The implications and management
measures for improving frequency stability will be critical as the proportion of intermittent renewables
increases in years to come, resulting in a reduction in system inertia. Therefore, further research is needed to
properly mitigate its effects in this area.

Murdan and Jeetun [77] described the layout and implementation of a PV connected to the grid. It is modelled
on a client participating in a 'net metering' program so that the output of the system can be benchmarked
against that of a typical client. Simulations show that PV excess production can be fed to other clients
connected on the same phase, leading to significant savings. The benefits of net metering are emphasized, as is
the possibility of supplying any surplus generation to a second subscriber in the same phase. The study
suggests that if the scheme is extended over a macroscopic scale, it could lead to a greener future for the
planet.

Adams et al. [78] stated that the judgments of governments and policymakers are crucial in shaping energy
growth outcomes. Using a Westerlund panel-based error-correction test for thirty countries in sub-Saharan
Africa, they found that countries with more stable governments had a higher percentage of renewables in their
energy mix. This is likely to be because stability provides for improved policies that favour the development of
the power sector. In a similar view, da Silva et al. [79] argued that providing green certificates, quotas, and
direct investments would be useful to promote renewable energy development, especially in rural areas, where
income and wealth levels are low.

To guide decision-makers, researchers, and novices in the field of grid integration of solar energy, a large
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number of reviews have been published in reputable journals. Most papers merely discussed and reviewed the
technical challenges and solutions associated with the grid integration of solar energy. Others have tackled
more targeted challenges like power forecasting, fault resilience, protections, and grid code standards. The goal
of this study is to fill important technical gaps in the utility grid integration of PV. It examines advanced
technology solutions, such as demand response plans, that maintain grid stability in the face of solar
intermittency. The study will also examine the development of energy storage technologies to alleviate PV
intermittency and enhance grid efficiency. The need for standardized grid integration protocols will be
explored to ensure that distributed PV systems are compatible with existing infrastructure. The study also
explores the use of smart grid technology, including advanced metering and data analytics, to optimize PV
integration.

PV GRID INTEGRATION CHALLENGES

The challenges of PV grid integration can be divided into technical, economic and regulatory challenges that
need to be addressed to realise the full potential of PV energy [80]. Technical difficulties include voltage
variations, frequency variations, grid instability, flicker, harmonics, and control issues [81]. The implications
of these technical issues largely result from size, as small-scale PV installations are usually suitable for
distribution grids, whereas their large-scale equivalents are often designed for the transmission network. For
example, for small-scale PV systems on the distribution grid, voltage regulation issues are often considered to
be the most crucial technical issues. Several prominent research works that have addressed some of these
concerns, and the application of mitigation strategies were highlighted.

A. Technical Challenges

1) Voltage Regulation: Given the intermittency of PV generation, injecting huge amounts of PV into the
electricity grid distribution network will result in variations and imbalances in the voltage profile. Given the
frequent changes in weather conditions, the voltage variation on the distribution network is susceptible to
sudden swings, which can lead to malfunctioning of the voltage regulating units [82], [83]. In addition, due to
climate change, the PV system may cause a variation in irradiance for either a long or short duration, affecting
the PV system's voltage output at the point of common coupling. The distribution system voltage problem
caused by connecting large numbers of PV systems could be categorized as voltage imbalance, and flickering
in the network [84], [85].

2) Power Quality Challenges: Power quality is a major worry for utility companies, particularly harmonic
distortion in distribution networks. By integrating PV into the electric grid, there is a large amount of power
electronics equipment which is a source of harmonic injection into the grid. Harmonic distortion is a
significant challenge to power quality. It can arise from using converters to convert DC to AC [19], [86].
Power quality indices are measures of the distortions of the voltage and current waveforms about an idealized
pure sinusoidal waveform. Typically, harmonics are the consequence of the switching lag of the converter,
which is considerable if the output power of the PV varies [87]. In capacitor banks, this may cause parallel and
series resonances, overheating, and malfunction of protective equipment. Harmonic current generation is a
common problem in PV systems and can increase total harmonic distortion at common interconnection points
[88], [89]. The experience of operating a large PV installation shows that although the distortion of the output
harmonics is minimal for a single inverter connected to the PV grid, in the event of several shunt converters,
the harmonics can be significantly higher than the normal standards [90], [91].

3) Frequency response: Synchronous generators in traditional power systems provide natural inertia, allowing
them to respond instantly to changes in power flow, stabilizing frequency fluctuations [92]. However, solar PV
systems lack this inertia, making the grid more susceptible to frequency instability, especially during
disturbances or demand spikes. Without adequate inertia, the grid faces an increased risk of frequency
deviations, leading to system faults or outages [93].

Also, the imbalance between the generation and the demand may cause the frequency of the networks to
fluctuate, resulting in a temporary or permanent failure to supply electricity [94]. As more intermittent
photovoltaic systems become more prevalent in the coming years, improving frequency response will be key to
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reducing system inertia [95], [96].

4) Reactive Power Support: Reactive power availability is tightly correlated with voltage levels and
monitoring the voltage stabilization of the electrical network [97]. Unlike traditional power sources like coal or
natural gas plants, PV power does not have any inherent reactive power. Reactive power is needed to balance
voltage levels on the grid, absorb variations, and ensure smooth power flow. Without reactive power, the grid
faces voltage instability, which can cause power quality problems, inefficiency and potential blackouts. This
need must be addressed to guarantee the successful and efficient integration of PV-generated electricity into
the grid [89], [98].

5) Islanding (Protection challenges: A condition known as islanding is one of the most critical concerns for
the safety of customer-sited small PV systems. Islanding happens if a part of the supply system, containing
both the loads and the generating unit, is disconnected from the main supply system but still energized. When
this occurs with PV, it is termed PV-assisted islanding [99]. The security worry is that an island created by a
PV system is beyond a utility's control, although it can be assured that its generation sources are disconnected
or shut down from areas in need of work [100]. An unintended consequence of islanding is that a utility
operator may be exposed to an unexpectedly energized line. Therefore, inverters with built-in anti-islanding
capabilities are essential [100], [101]. Grid-connected inverter systems are capable of monitoring the grid and
shutting down as rapidly as possible in the instance of an anomaly in the grid. An islanding event is the last
intervention to recover a grid before it collapses. Fig. 8 illustrates the layout for islanding detection, where the
coupling point is the interface between the PV inverter and the grid [102]. Integrating a PV into the utility grid
requires a substantial re-evaluation and possible modernization of the overall protection scheme. This is due to
the intrinsic shortcomings of traditional protective apparatus, which is simply not suited to the detection of PV
system faults [103]. The fluctuating generation and voltage/current characteristics cause significant changes in
fault current. This change creates a significant challenge for traditional protection devices, requiring
improvements to efficiently handle the unique nature of PV system faults [91], [104]. The incorporation of PV
energy into the electrical grid tends to improve overall performance and stability. At the same time, it poses a
possible constraint in the way of an enhanced short-term current contribution in the instance of a grid fault
[105]. Although electrical networks usually employ safeguards to protect against such faults, integrating PV
changes the behaviour of the system, potentially compromising the effectiveness of these safeguards. Despite
the existence of rapid-response safety features in grid-connected converters, it is essential not to overlook the
inherent risk [42].
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Fig.8: lllustrates a Common System Layout for Islanding Detection

6) Line loading and Losses Challenges: Very critical characteristics of a power system are losses and line load.
Both parameters can change with the injection of PV into a grid. Distribution lines and feeders have a
maximum load. Furthermore, these losses can expand or decrease the cost of operating a grid [106]. According
to Widen et al [73], grid losses tend to decrease at lower PV penetration and show increasing grid losses with
increasing penetration. Nevertheless, the likelihood of reverse power flow in a radial grid is associated with the
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increase in grid losses with rising penetration. The reason for this is that reverse power flow leads to an
increase in the load on the feeder lines and hence losses. It could also affect the functioning of the protective
equipment in the network [107].

7) Impact of Large-Scale Penetration: To address the increasing energy needs of the world and to ensure
ecologically sustainable growth in electricity generation, solar energy is essential. However, the dependability,
security, and stability of the entire electric network can be jeopardized if solar energy is widely generated and
fed into the electricity grid without appropriate control measures [108]-[110]. PV-based generation has now
emerged as an essential part of the grid, just like any other traditional power plant, and further small plants of
several hundred megawatts or more are being built, as penetration into the grid increases all the time [111].
There is still no dedicated grid support control, however, and the units are frequently turned off during grid
disturbances that are likely to affect the grid.

B. Technical Solutions to solar Integration to the main grid

1) Codes and Standards: Grid codes are a series of requirements that all grid-connected facilities must meet to
ensure stable and economic grid operation. Enabling the transmission and reliable distribution of power over
the grid network, Setting standards for technical, operation and efficiency by network operators and regulators
[112]. The first step in overcoming the challenges of grid integration is to ensure that the requirements set out
in the grid code are strictly adhered to [113], [114]. The main standards and safety organizations dealing with
PV are International Electrotechnical Commission, Institute of Electrical and Electronics Engineers,
Underwriters Laboratories, and National Renewable Energy Laboratory. In formulating interconnection
guidelines and rules, most utilities around the world have accepted IEEE Standard 1547-2003 titled “IEEE
Standard for the Interconnection of distributed-resource systems with Electric Power Network, 2003 [115],
[116].

2) Advanced Energy Storage Solutions: Recognising the intermittencies of PV generation, an effective strategy
to ensure a more consistent flow of energy is the deployment of storage systems such as battery storage, hydro
pumped storage or thermal storage. These systems not only contribute to mitigating the intermittency of the
PV system, but also provide valuable support to the grid in terms of voltage stability and frequency control.
The deployment of energy storage technologies is emerging as an important strategic approach to improving
the resilience and performance of PV Integrated into the main grid [117], [118]. In addition, grid operators can
better anticipate periods of high solar generation and more effectively manage grid stability through advanced
forecasting and predictive analytics. This strategy improves the integration of solar energy, enables its efficient
use, improves grid reliability and reduces overall electricity costs.

3) Smart Grid Technologies: The use of smart grids offers an increasingly efficient and effective approach to
the challenges posed by integrating solar PV into the main grid. Critical to the integration of PV systems are
smart grid technologies that improve the flexibility, stability and responsiveness of the grid to the variable
nature of solar power [119]. This technology uses digital communications and automation to monitor and
manage power flows on an instantaneous basis so that power generation can be adjusted quickly to meet
weather and diurnal variations. Advanced metering infrastructure provides real-time data on the generation and
consumption of energy, enabling operators to identify and resolve problems quickly. This allows utilities to
match demand to solar output and reduce the need for backup generation by adjusting power usage during
periods of high solar output or grid congestion [120]. Smart inverters designed specifically for PV systems
provide reactive power support and voltage regulation. This helps maintain power quality and mitigate
instability.

4) Forecasting and Prediction Techniques: Forecasting and prediction techniques help integrate PV systems
into the power grid and improve solar power generation prediction. Since PV generation is variable and
dependent on weather conditions, accurate forecasting helps to better balance supply and demand [121].
Forecasting technology based on statistics, machine learning or satellite imagery is useful for real-time
network management. Advanced machine learning models, such as neural networks and ensemble learning
techniques, can handle complex weather patterns and improve forecast accuracy [122]. Long-term forecasting,
from weeks to months, supports the planning and scheduling of network maintenance and the management of
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renewable energy. This helps optimise resources and reduce costs. Hybrid approaches, combining numerical
weather prediction models with real-time data from PV systems and sensors, improve accuracy and reliability,
allowing grid operators to predict the variability of solar output. By reducing power imbalances and blackouts,
these technologies will allow for better load balancing and greater stability of the grid.

5) Deploying small solar farms: Small solar farms distributed across a wider geographic area can help reduce
the strain on the main grid by generating electricity closer to where it is needed [123]. This can help alleviate
congestion on transmission lines and reduce the need for costly grid upgrades. Additionally, small solar farms
can be strategically located in areas with high solar potential, which can help optimize energy production and
reduce the variability of solar energy output. This can help to smooth out the intermittency of PV generation
and make it easier to integrate into the main grid. Deploying small solar farms can also provide benefits such
as voltage support, reactive power injection, and frequency regulation, which can help improve the overall
stability and reliability of the grid [111]. Overall, the deployment of small solar farms can help to address the
technical challenges of integrating solar into the main grid by reducing transmission constraints, optimizing
energy production, and providing valuable grid services [124].

C. Economic Challenges of Integrating Solar into the Main Grid

1) Grid Integration Costs: One of the primary economic challenges is the cost of integrating solar PV into the
existing grid infrastructure. This can include the costs of upgrading transmission and distribution lines,
installing advanced inverters and control systems, and expanding grid-scale energy storage capabilities [125].
A study by the NREL estimated that the grid integration costs for solar PV could range from $0.15 to $7.30 per
watt, depending on the level of solar PV penetration and the specific grid characteristics [126]. These
integration expenses can pose a formidable barrier to the adoption of solar PV technology by individuals,
businesses and governments.

2) Capacity Utilization and Overcapacity: The high capital costs of solar PV systems, combined with their
relatively low capacity factors (typically around 15-25% for utility-scale solar), can lead to concerns about
overcapacity and underutilization of the grid infrastructure [127], [128]. This can result in higher per-unit
electricity generation and distribution costs, which can be passed on to consumers. Addressing this challenge
may require innovative approaches to grid planning, asset utilization, and market design.

3) Intermittency and Variability: The intermittent and variable nature of solar power generation presents a
significant economic challenge for grid integration [129]. Solar PV output can fluctuate rapidly due to changes
in cloud cover, weather patterns, and time of day, which can create supply-demand imbalances and increase
the need for ancillary services, such as quick-ramping conventional power plants or grid-scale energy storage
[130]. These variability-related costs can be difficult to quantify and can differ greatly based on the utility's
network and market constraints.

D. Strategies to mitigate the economic challenges

1) To address the grid integration cost, through investment in grid modernization and development of ESSEM,
smart meters, and grid management software that can efficiently handle the fluctuations in solar energy
production [131]. Utilities can improve the integration of solar energy into the grid, thereby reducing the need
for costly grid upgrades and improving overall grid stability and performance, by investing in modern grid
infrastructure [132]. In addition, policies and regulations can compensate for some of the integration costs and
promote the deployment of a greener and more resilient energy system by incentivizing or mandating the
integration of renewable energy sources into the grid.

2) Addressing capacity utilisation and overcapacity through the implementation of dynamic pricing structures,
to incentivize solar owners to match their generation to peak periods of power demand on the grid and reduce
the risk of overcapacity [133]. This includes the implementation of ESS options such as batteries. ESS can
help compensate for the intermittency of PV power generation by storing surplus energy during peak
production periods and delivering it when demand is higher [134]. This can ultimately improve the integration
of PV into the main grid by optimizing the use of PV energy and reducing the risk of overcapacity [135].
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Additionally, energy storage can provide grid stability and support in times of high demand or unexpected
fluctuations in solar energy output.

E. Regulatory and Policy Framework

The move towards sustainable energy sources is accelerating, with renewable technologies playing a critical
step in this transition [136]. Integrating solar PV into the main grid presents immense opportunities for
sustainable power generation. However, this integration requires a robust regulatory and policy framework to
ensure PV's successful and efficient grid inclusion.

1) National and International Standards for Solar PV Integration: National standards serve a critical purpose
in enabling the quality, safety, and performance of solar PV systems. Several countries have established
specific national standards that outline the technical specifications for connecting PV energy to the grid [137],
[138]. These standards cover aspects such as electrical safety, grid compatibility, and performance standards.
IEEE-1547 sets technical standards for connecting distributed energy resources like PV to the grid [138]. The
standards address concerns such as voltage control, islanding protection, and power quality to ensure that
distributed generation can be integrated without compromising grid stability [139]. Adhering to national
standards is vital to ensure the secured integration of PV into the grid.

International standards provide a common framework for PV connection to the grid. In addition to national
standards, organizations such as the International Electro-technical Commission (IEC) have developed
standards that unify the requirements for integrating PV into the main grid worldwide. IEC 61724 provides
guidelines on the monitoring and performance analysis of grid-connected PV installations [140]. Additionally,
IEC-62109 addresses the safety of inverters for use in PV systems. It sets out requirements for the design,
construction and testing of PV inverters to reduce the risk of electrical and fire hazards [141]. IEC-62446
provides guidelines for installing, inspecting and maintaining PV grid integration. It covers aspects such as
how to design the system, how to commission the system, and how to document the system [142]. Adhering to
international standards ensures interoperability, reliability, and smooth grid integration of solar PV systems
across different regions, contributing to the global harmonization of solar PV integration practices.

2) Grid Code Requirements and Compliance: Grid codes define the requirements for connecting power
generation facilities, including PV, to the main grid [143]. They include aspects such as voltage regulation,
frequency control, fault ride-through capabilities, and reactive power support [144]. Grid code compliance is
essential for solar PV systems to contribute effectively to the main grid without causing disruptions or
compromising grid stability [144].

Compliance with grid code requirements is a critical aspect of integrating solar PV into the main grid. Solar
PV systems must demonstrate compliance with grid code requirements during the design, installation, and
operation phases [145]. This entails ensuring that the technical characteristics of PV systems are in line with
the grid code specifications. Compliance testing and verification processes are necessary to confirm that the
solar PV systems can operate following the grid code requirements [145]. Adhering to grid code compliance
measures is essential to ensure the proper incorporation of PV into the main grid while ensuring the stability
and security of the grid.

3) Policy Recommendations for Promoting Solar PV in the Main Grid: Renewable energy policies are a vital
component of any country's commitment to shift towards a clean energy system. With the increasing focus on
integrating solar power into the main grid, governments need to implement effective policies that support the
growth of solar energy while also ensuring the stability and reliability of the grid. Supportive policies, such as
feed-in tariffs, investment tax credits, renewable portfolio standards, net energy metering, green certificates,
capital subsidies, and national renewable energy targets, facilitate mass deployment and grid integration [146],
[147].

Net Metering Policies: Net metering is a payment scheme that rewards consumers for energy generated and
injected into the grid. During the billing period, the bills of the prosumers are usually credited in kwWh of
energy. If their systems generate more than they consume, their electric meters run backwards, causing them to
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purchase less electricity from the utility [148]. Net metering schemes can include simple net metering, buy-
pack, rolling credit, or rolling credit and buy-back. Simple net metering does not provide credits or payments
for excess energy, while buy-pack pays for excess energy at a rate below or above the market rate. Rolling
credit and buy-back schemes provide monetary credit for surplus energy [149][143]. The net metering schemes
can have several different remuneration approaches to take account of the value of the energy produced by the
prosumers' facilities.

Renewable Portfolio Standards (RPS): RPS are regulations that mandate a certain share of electricity in a given
jurisdiction to come from renewables. RPSs are put in place to encourage the evolution and usage of
renewables, such as solar, and to help limit GHG emissions [150]. Renewable portfolio standards have been
implemented in several countries and states, with varying levels of success. Some studies have shown that RPS
can lead to a decrease in overall electricity costs and an increase in renewable energy generation. However,
there have also been challenges in implementing RPS, including concerns about the cost of compliance and the
impact on electricity prices for consumers. One specific area where RPS has been particularly impactful is the
integration of PV into the main grid [151], [152]. Solar PV is an increasingly popular renewable energy source,
but its intermittence can pose difficulties for utility operators in managing fluctuations in electricity generation.
Renewable portfolio standards help deploy renewable energy and speed up the transition to green energy
[153].

Feed-in Tariffs (FITs): FITs are fixed prices, based on the actual cost of generating electricity from each
technology, for purchasing a unit of green energy. These tariffs are often granted for 15-20 years and compel
the grid operator to procure all energy from renewables, irrespective of the overall energy demand. FITs are
financed through a minor increase in retail electricity prices, with the extra cost shared amongst all ratepayers
through national cost-sharing schemes [153]. The effectiveness of FITs hinges on a high level of investment
certainty, as it lowers the volume/ price risk for investors and eliminates the balancing risk for renewable
electricity producers [151]. FITs offer a technology-specific approach, allowing policymakers to promote
costly but high-potential technologies like solar PV and wind energy. However, FITs have some
disadvantages, such as not conforming to competition and hindering technological learning [143]. Tariff
degressions and periodic reviews of the tariff level can help to address these issues. Network compensation
problems and increased network operating costs can also result from a purchase obligation.

Tax and Investment Incentives: On the question of government policy, Destek [154] regarded economic
incentives, such as tax breaks and subsidies, as an important way to attract investors and increase investment in
renewables deployment. In the 1980's and 1990's, investment subsidies, tax breaks, tax credits, and low-
interest loans were the primary support systems for renewables [155]. These schemes have been used mainly
for demonstration projects and have been complemented by tax and other incentives for investment in the
earlier stages of the emergent market. Investment incentives tend to be capacity and investment-based, with
government subsidies depending on the capacity of the generation plant [156]. In many cases, capital subsidies
help to cover the total cost of investment and renewable energy producers may be exempted from certain taxes,
such as carbon taxes and import taxes on renewable energy technology in the emerging world. The justification
for tax exemptions is unfair competitiveness with traditional energy sources and the absence of internalization
of negative external costs [157], [143]. While these incentives have worked well as complementary and
supportive tools for promoting renewable energy, they have shortcomings. Incentives are designed to stimulate
investment in a technological option and do not provide incentives to improve the long-term operational
management of solar power plants [158]. Tax incentives like quick depreciation and tax credits tend to favour
larger power plants and more affluent consumers, limiting the ability of individuals with smaller businesses to
participate in the renewable energy market.

4) Evaluation of Existing Policies: Policies like feed-in tariffs, net metering, RPS, and tax incentives have
driven the adoption of solar PV. The FIT has provided predictable returns, accelerating solar PV deployment in
many countries [146]. Overcapacity and financial burdens on utilities and consumers highlight the need for
periodic adjustments. Net metering has empowered prosumers, but high penetration can strain the grid and
reduce utility revenues. RPSs have driven long-term demand for renewable energy, but uneven regional
enforcement has limited their impact. Tax incentives and subsidies lower barriers to entry, but often benefit
wealthy customers [147].
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Grid integration standards increase PV technological viability and safety, yet rigid requirements may slow
innovation and increase compliance costs. However, the regulatory policies have created a solid foundation for
PV deployment, but they need to be refined to address new challenges such as grid congestion, intermittency,
and equitable access. To be effective, they need to be dynamically updated and better integrated with emerging
technologies such as smart grid technologies, advanced energy storage systems, Al and machine learning in
grid management, etc.

SYSTEM SUSTAINABILITY OF PV INTEGRATION INTO THE MAIN GRID

The integration of solar energy into the electricity grid has many advantages in terms of social, economic, and
environmental benefits [159]. The energy sector has become a major source of GHG emitted, with energy-
related emissions predicted to rise by 16% in 2040 [160], [161]. The energy sector should therefore be an
essential part of any attempt to limit the impacts of climate change. Therefore, integrating PV into the grid is
an important contribution to the transition to a greener energy supply [162].

A. Environmental Benefits of Solar PV Integration

Solar PV technology is revolutionizing the way energy is produced and consumed, with numerous
environmental benefits. Grid integration of solar PV is critical as the world transitions to sustainable,
renewable energy sources [163]. Solar PV systems reduce GHG emissions, and reliance on conventional fuel,
making grid integration an essential step towards a sustainable energy supply.

1) Reduction in Greenhouse Gas Emissions: The generation of electricity from conventional power plants is a
large emitter of GHGs [164]. According to the IEA, the lifecycle GHG emissions of PV-grid systems range
from 18 to 60 g CO2-eq/kWh, whereas emissions from coal-fired generating plants range between 898 to 1129
gCO2-eq/kWh [165], [166]. The significant reduction in GHG emissions from solar PV systems plays a
substantial role in climate change mitigation initiatives, as the power sector is a huge emitter of global GHGs.
By replacing fossil fuel-based electricity generation with solar PV, the overall carbon footprint of the energy
system can be significantly reduced, contributing to a low-carbon economy [167], [168].

2) Reduction in Water Usage: Significant volumes of water are needed to cool and for other operations in
conventional thermoelectric power plants. The use of this water is detrimental to local and regional water
resources, particularly in regions where water availability is limited [169]. In contrast, PV systems do not
require water to generate electricity, except for small amounts for occasional cleaning of the panels. Reducing
water use can help conserve scarce water supplies and reduce water conflicts between the energy sector and
water-dependent activities such as agriculture, which is particularly important in water-stressed regions [170].

3) Other Ecological Impacts: PV systems are more eco-friendly than large hydroelectric or fossil fuel power
plants due to their relatively smaller land footprint in comparison to the energy output [171]. Producing and
installing PV is less polluting than extracting, transporting and refining fossil fuel, further minimizing the
environmental impact, the distributed nature of solar PV systems eliminates the need for extensive
transmission and distribution networks [172].

4) Reduction in Energy Resource Depletion: Reducing the depletion of energy resources is another
environmental benefit of integrating solar PV into the grid. Fossil fuels are finite resources that are rapidly
depleted as they are extracted and consumed [173]. Relying on conventional fuels for electricity generation is
unsustainable and threatens global energy stability. PV is a sustainable, reliable source, providing unlimited
energy supply. It diversifies the energy mix, reduces vulnerability to supply disruptions, and offers flexibility
and resilience, making it suitable for various scales, from residential installations to utility-scale farms [174].
This can have a positive impact on the stability and security of electricity supply, particularly in regions that
are heavily dependent on fossil fuel imports.

B. Technical Benefits of Integrating PV into Main Grid

1) System Loss Reduction: By generating power close to the load in radial distribution networks, solar systems
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can effectively reduce system losses [175]. This proximity reduces transmission and distribution line losses by
permitting solar power to substitute for some of the transmission power. thereby promoting a more
"sustainable” energy environment, as owners of PV systems and their communities enjoy lower overall energy
costs [176]. This reduction in system loss is an important point to emphasize when marketing solar systems to
potential customers, highlighting the economic and environmental benefits of investing in PV energy.

2) Enhances Power Quality: A solar installation with an inverter interface can enhance power quality on the
AC grid by controlling both real and reactive power components. This allows the distributed generator to
regulate the voltage, the overall power factor of the plant, and the voltage flicker [177], [178]. The inverter can
also do voltage sag correction, but this may be a function of the size of the inverter. If properly sized and
executed, this connection will be able to cancel out grid distortions, regulate the voltage, and minimize
harmonics.

3) Network Upgrade Extension: Electricity grid upgrade deferment is the opportunity to defer the investment
required to strengthen feeders and transformers due to solar integration. As solar installations are connected
close to the demand side, the low and medium levels of distributed energy resources tend to diminish the
power flow that comes from the national grid. This generation can help offset peak loads and load spikes
[179], [180]. The need for network upgrades (mainly transmission lines) is limited due to the demand
reduction.

4) Short Construction Time: Solar power units can be installed in a short time and have a lower investment risk
thanks to their modular nature, which makes them easy to install in any location. Each module is autonomous,
can start generating electricity as soon as it is installed and is not compromised by failures in other modules
[181].

C. Economic Benefits of Integrating PV into Main Grid

1) Reduction of Operative Cost: The potential for cost savings is one of the major economic benefits of
integrating PV into the main electricity grid. Solar energy is a cost-effective and abundant resource, and once
the initial cost of installation has been covered, the cost of operating and maintaining a solar PV system is
comparatively lower [182], leading to substantial long-term savings for both utility companies and consumers.
Additionally, solar PV systems can help reduce the need for expensive infrastructure upgrades and expansions,
as they can help offset peak load and reduce the burden on the power grid [183].

2) Job Creation: Furthermore, the integration of PV into the grid can also create job opportunities and
stimulate economic development. A study by the IREA found that the renewable energy sector, including solar
PV, holds the prospect of creating millions of new jobs worldwide as the industry continues to grow [184]. The
potential to attract skilled labour and support local economic growth through the installation, maintenance, and
manufacture of solar PV systems [185].

3) Potential Revenue Streams: Integrating solar PV into the main grid can create potential revenue streams for
both utilities and individuals. For utilities, the incorporation of solar PV systems can provide the ability to sell
surplus electricity back to the grid under net metering or feed-in tariffs, creating an incremental revenue stream
[186]. For home or business owners with PV installations, the ability to generate power could save money on
your utility bill and allow the owner to earn money by feeding surplus energy onto the grid [183].

D. Impact of solar PV on electricity prices and market dynamics

Integrating solar PV into electricity grids can have both positive and negative implications for electricity
pricing, market dynamism, and overall electricity system costs. A substantial benefit of the integration of PV
into the electric grid is the ability to lower the price of electricity by offering a low-cost source of renewable
energy. PV has no associated fuel costs and can be used to generate electricity as a result of solar irradiation,
which can help lower the overall price of electricity during periods of peak demand [187]. This can lead to
decreased reliance on more expensive fossil fuel-based generation, resulting in lower electricity bills for
consumers. In a study by [188] carried out in the United States, each additional gigawatt of solar PV capacity
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led to a $0.13/MWh reduction in wholesale electricity prices [189].

However, the intermittent nature of PV can also have negative impacts on electricity prices and market
dynamics [190]. The rise of distributed solar PV systems can disrupt traditional centralized power generation
models, leading to a more decentralized and dynamic electricity system. This can change the balance of power
between different market participants, such as utilities, independent power producers, and prosumers
(consumers who also produce electricity). There is therefore the need for flexible resources, such as energy
storage and demand response, which may increase to balance the intermittency of PV generation and maintain
grid stability. PV generation is dependent on solar radiation, which varies all over the day and seasonally. This
can cause fluctuations in power generation, resulting in price volatility in the electricity market. Additionally,
when solar PV systems produce excess electricity during sunny periods, it can lead to negative wholesale
electricity prices, as generators may have to pay to offload their surplus power onto the grid [191]. PV
integration can significantly reduce electricity system costs by meeting growing electricity demand and
reducing the need for expensive new power plants and infrastructure upgrades. However, the integration may
require investment in ESS, grid upgrades and other infrastructure to accommodate the intermittency of PV
generation. This added cost can offset some of the savings from the use of solar PV, potentially increasing the
overall cost of the electricity system.

E. Synergies between Solar PV Integration and Sustainable Development Goals.

The global community has set forth an ambitious agenda for achieving sustainability, as set out in the 17
SDGs. Several of these 17 goals relate to integrating solar PV into global electricity grids. PV technology
holds tremendous potential to advance progress towards SDG2, SDG7, and SDG13 [36], [192].

The synergies between solar PV integration and these three key SDGs highlight how integrating PV into the
man grid can catalyze sustainable development in these critical areas.

1) SDG2-Zero Hunger: SDG 2 aims to end hunger, achieve food security, and promote sustainable agriculture.
Solar PV integration into the main grid can play a key role in achieving this goal by ensuring reliable and
affordable energy to power agricultural activities such as irrigation, processing, and storage [192]. By enabling
farmers to access clean and reliable energy, solar PV integration can improve the productivity of agriculture,
minimize post-harvest loses, and increase food security. Additionally, solar energy can also be used to power
food processing and preservation facilities, ensuring that more produce reaches the market and is available for
consumption [36].

Moreover, it can help address the energy needs of rural communities, where access to electricity is often
limited. By providing clean and affordable energy, solar PV integration can enable the development of agro-
processing industries in remote communities, which creates employment and fosters economic expansion
[192], [193]. This, in turn, can help reduce poverty and improve the livelihoods of smallholder farmers,
contributing to the overall goal of achieving zero hunger.

2) SDG-13-Climate Change Action: SDG-13 requires immediate measures to address climate change and its
impacts. Integrating solar power into the main grid is a strong tool for tackling climate change by limiting
GHG emissions, facilitating renewable energy, and minimizing the impacts of climate change [194]. Solar PV
is a sustainable option to conventional fuels, as it is a green, sustainable source of energy that emits no GHGs.
Greenhouse gases during operation. Countries can reduce their carbon footprint, reduce their reliance on coal
and other fossil fuels, and shift to a carbon-free energy system by integrating solar PV into the main grid
[36][195]. PV integration can also help strengthen vulnerability to the effects of global warming, such as more
intense precipitation, water scarcity, and food insecurity. By expanding the reach of cleaner, eco-friendly
solutions, PV integration can support climate change mitigation efforts and contribute to the overall goal of
combating climate change. By aligning with SDG 13, solar PV integration into the main grid can contribute to
the worldwide commitment to mitigating the challenges posed by climate change.

3) SDG-7 Cheap and clean energy: SDG7 is at the heart of the synergies between solar PV integration and
sustainable development. Promoting the deployment of PV energy can contribute to the achievement of this
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goal in several ways:

Increased access to electricity: PV can provide cheap and clean electricity to underserved or off-grid
communities, improving their access to basic services and enhancing their quality of life [36].

Energy mix diversification: Integrating PV into the grid diversifies the energy mix, reduces dependence on
fossil fuels, and promotes sustainable energy [196].

Distributed generation and grid resilience: The decentralized nature of PV systems can enhance the resilience
of the electricity network, reducing the vulnerability to centralized system failures and improving energy
security [197].

By addressing the challenges of energy access, affordability, and reliable energy transition, the integration of
PV can make significant contributions towards achieving SDG 7.

FUTURE PROSPECTS AND INNOVATIONS
A. Emerging Technologies in Solar PV

Solar PV technologies are becoming more efficient, more reliable, and more versatile, making solar power
generation more adaptable to a variety of environments and grid requirements. Major advances include
“bifacial solar cells, perovskite solar cells”, floating solar farms, and building integrated photovoltaics. The
bifacial PV panel captures sunlight on both faces and can enhance energy generation by up to 30% [198].
Perovskite solar cells, with efficiencies greater than 25%, offer higher efficiencies and reduce costs of
manufacturing compared to conventional silicon cells [199]. Floating solar farms reduce evaporation and take
advantage of water cooling. They are ideal for space-constrained locations, especially in densely populated
areas. Building-integrated photovoltaics embeds solar cells into building materials. This makes them suitable
for urban areas. These advanced solar technologies, especially when combined with intelligent grid
technologies and the ESS, increase the likelihood of high levels of PV integration into the grid.

B. Research and Development Trends

Research and development in the area of PV integration is focused on the optimization of grid compatibility,
the improvement of energy storage, and the advancement of grid-tie inverters. Large-scale battery systems are
essential for storing surplus energy production during periods of peak solar irradiation [200]. Al and machine
learning are becoming more and more prominent in PV energy research, including the forecasting of solar
power and the management of the grid. Accurate forecasting can help grid operators predict the generation of
solar power, adjust load balancing, and mitigate the risks associated with intermittent power generation. Al-
powered predictive models like artificial neural networks can improve solar integration by identifying weather
data, solar performance, and demand patterns, allowing the grid to dynamically adapt to changing conditions
[201], facilitating greater adoption of solar power penetration while supporting its stability. These research and
development trends are critical to improving the resiliency of the grid and preparing the infrastructure for
greater solar deployment.

C. Potential for Hybrid Renewable Systems

The combination of PV with other renewables such as wind, biomass, or battery storage, can help to mitigate
the intermittency challenges associated with single-source renewables by providing a more balanced energy
supply [202]. Solar and wind complement each other: Sunlight is typically available during the day, while
wind speeds tend to increase at night. Hybrid systems can provide more consistent energy output, better
matching grid demand and limiting the reliance on fossil fuel backup [203]. Hybrid systems can provide
flexibility in urban and rural environments by operating independently as a mini-grid or connecting to the main
grid. They also facilitate the creation of virtual power plants, which bring together several distributed energy
resources to provide a coordinated supply of power to the grid. This model provides the resiliency and
flexibility to support a renewable energy future.
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D. Vision for a Decentralized Power Grid

Distributed power grids are networks of distributed energy resources that generate store, and manage
electricity at multiple locations, reducing transmission losses and increasing energy security. This shift
empowers consumers to become prosumers. Prosumers foster a more participatory energy ecosystem by
generating electricity for personal use and selling surplus energy to the utility grid [204]. Distributed networks
also benefit microgrids, which can be operated autonomously or in combination with the main network,
providing resiliency during extreme weather or grid instabilities.

E. Future Outlook

i. Future research will explore the evolution of policy frameworks across regions to identify best practices for
solar PV integration. In-depth case studies will be conducted to understand key factors contributing to
successful regulatory environments. The study will also analyze the evolution of policy frameworks,
considering technological advancements, market dynamics, government priorities, innovative business models
and financing mechanisms. Key lessons learned will be applied to develop effective policies for solar PV
integration in other regions. The research will also examine stakeholder engagement and regulatory
approaches, contributing to an in-depth knowledge of the policy landscape and future recommendations for
global solar PV integration.

F. Advanced Energy Storage Systems (ESS)

Advanced energy storage systems such as battery and thermal storage, alleviate the intermittency inherent in
solar PV by storing surplus energy during periods of peak generation and releasing it during periods of low
generation [134]. ESS helps to maintain grid stability by smoothing out voltage and frequency fluctuations,
allowing for smoother incorporation of solar PV into the grid. Storage can also provide backup power and
support demand response, reducing fossil fuel dependency and increasing grid efficiency [203].

Another further research work is to develop innovative grid management and control strategies to
accommodate high levels of PV penetration. As the integration of PV in the grid increases, there is a need for
the development of more advanced grid management and control strategies that can effectively integrate and
utilize this renewable energy source. Further investigation may examine the use of advanced control and
optimization technigques to manage the variability and uncertainty of solar PV generation. There is a need to
develop new grid management protocols and standards that are tailored for high levels of solar PV integration.

RECOMMENDATIONS
To facilitate the successful integration of PV into the grid, several recommendations should be considered:
A. Investment in Grid Infrastructure

For a sustainable energy future, upgrading the current grid infrastructure to accommodate intermittent
renewables is essential. Using "smart grid" technology will enable better integration of renewables, like solar,
allowing the grid to efficiently manage changes in energy supply and demand. This upgrade will improve
overall flexibility and reliability, leading to a stronger and more effective energy system. A key step in
building a cleaner and stable energy ecosystem is the modernization of the grid infrastructure.

B. Implement Regulatory Reforms

Implementing regulatory reforms is crucial to creating a stable and predictable environment for solar PV
investments. This can be achieved by reforming policy frameworks and establishing clear guidelines for net
metering, FITs, and renewable energy certificates that incentivize solar energy production. Doing so provides
investors with the confidence to make long-term commitments and enables a favourable environment to grow
the photovoltaic industry. Additionally, these reforms can attract more investments, spur economic growth,
and support the shift to an eco-friendly and greener energy mix. Overall, implementing regulatory reforms is
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essential to ensure that the appropriate policy and support framework is in place for solar PV investment to
flourish.

C. Foster Public-Private Partnerships

One way to boost solar integration is to foster public-private partnerships, which can facilitate joint efforts
between the private and public sectors to leverage resources, share risks, and develop innovative solutions. By
working together, these partnerships can facilitate investment in infrastructure and technology, making it more
cost-effective to implement solar PV systems. This collaboration can also lead to the emergence of innovative
solutions to facilitate broader acceptance of PV technology and make it more affordable to a variety of
consumers. By promoting these partnerships, policymakers and industry leaders can work together to
overcome the difficulties and opportunities faced in integrating PV into grid infrastructure, thus resulting in a
robust and sustainable energy system.

D. Community Solar Programs

Access to renewable energy can be made more affordable by developing a supportive mechanism for
community solar initiatives. Such schemes would enable individuals or groups, including tenants and low-
income homes, to co-invest in shared PV projects. By extending the reach of PV beyond residential
homeowners with suitable rooftops, community solar also addresses equity by offering concerns about the
shared benefits of lower energy bills and the ownership of clean energy. The integration of these initiatives
with localized energy storage solutions can further improve the resiliency of the grid and increase adoption
rates.

CONCLUSION

Integrating PV into the grid is a revolutionary step toward becoming more sustainable. It promises to support a
cleaner and more resilient energy system, to reduce greenhouse gas emissions, and to reduce our dependence
on fossil fuels. However, this transition comes with several technological, financial and regulatory barriers. For
its full potential to be realized, these issues need to be addressed. The management of PV power fluctuations,
the maintenance of grid stability, and the creation of supportive policies to encourage innovation and
investment in solar technology are some of the key barriers. The modernization of the grid infrastructure to
accommodate renewable energy sources is also essential for the efficiency and reliability of the grid.
Addressing these challenges requires widespread adoption of advanced technologies such as energy storage,
smart grid and distributed generation. These innovations can provide a more consistent supply of electricity
and improve grid resilience by mitigating the inherent intermittency of solar PV. Furthermore, supportive
regulatory frameworks and incentives are needed to create an enabling environment for solar PV investment,
allowing these technologies to scale up at national and global levels. The long-term benefits of solar power,
including security, sustainability and alignment with global climate objectives, make this technology an
important part of the future energy strategy, although grid integration will involve significant technical and
financial expenditure. PV can contribute significantly to developing stable energy systems and achieving
global renewables and SDGs by addressing existing challenges through strategic investments, regulatory
reforms, and technological advances.
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