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PREFACE

Electric power systems have been undergoing an unprecedented
structural transformation in recent years. The rapidly increasing
integration of renewable energy sources does not merely represent a
diversification of generation technologies; it fundamentally reshapes
the design, operation, and control philosophies of power systems. This
transformation necessitates a re-examination of conventional power
system approaches and the development of new engineering paradigms.
For decades, electric grids were built around high-inertia synchronous
generators, strong short circuit capacity, and predictable generation
profiles. However, with the growing dominance of inverter based
generation technologies such as wind and solar energy these
fundamental assumptions are gradually losing their validity. Modern
power systems are now characterized by increased variability,
uncertainty, and complexity. This new operational environment requires
holistic and interdisciplinary approaches that go beyond traditional
engineering solutions.

This book aims to provide a comprehensive framework for the
integration of renewable energy into modern power systems by jointly
addressing technical, economic, and power quality perspectives. The
core motivation of the book is rooted in the recognition that renewable
energy integration is not merely a technological issue, but a system-
level transformation. This transformation spans generation,
transmission, and distribution levels, tightly interlinking system

stability, power quality, flexibility, and economic sustainability.



Throughout the book, the discussion is not limited to theoretical models
or purely academic perspectives. Instead, engineering challenges
encountered under real grid conditions, field experience, and system
operation considerations are placed at the forefront. This approach is
intended to make the book a valuable reference not only for academics,
but also for engineers working in transmission and distribution systems,
project managers, system operators, and decision-makers.

In power systems with high renewable penetration, issues such as
frequency and voltage stability, power quality disturbances, harmonic
impacts, reduced short-circuit strength, and control interactions are no
longer exceptional cases; they have become integral parts of daily
system operation. Accordingly, modern solutions including the
concepts of inverter-dominated grids, grid-forming inverters, HVDC
technologies, energy storage systems, and FACTS devices are
examined from a holistic perspective. The objective is not only to
explain how these technologies operate, but also to clarify why they are
necessary and how they should be effectively integrated into power
systems.

Another key focus of this book is the strong linkage between technical
analysis and economic evaluation. It is emphasized that investment
decisions in renewable energy projects cannot rely solely on single
indicators such as the levelized cost of energy (LCOE). Assessments
that neglect system level costs and operational risks may lead to
misleading conclusions. In this context, the book seeks to provide a
balanced evaluation that integrates engineering judgment with

economic realities.



Looking ahead, it is evident that power systems will evolve toward
more digitalized, intelligent, and predictive structures. Digital twins,
artificial intelligence assisted operational strategies, and advanced
monitoring systems constitute the fundamental building blocks of this
transformation. However, the successful implementation of these
technologies depends on preserving the core principles of engineering
discipline. While addressing technological innovations, this book
deliberately maintains a critical, engineering based perspective.

In conclusion, this work aims to present the challenges faced by
renewable energy dominated modern power systems, along with
corresponding solution approaches, within a systematic and holistic
framework. It is hoped that this book will serve not only as a reference
source for professionals in the field of modern power systems, but also

as an intellectual guide for all stakeholders involved.

Serhat ISIKLI
Electrical and Electronics Engineer

25.01.2026



SCOPE AND TARGET AUDIENCE

This book addresses the integration of renewable energy sources into
modern electric power systems from a system-level engineering
perspective. Its primary scope encompasses the technical, operational,
and economic challenges that arise in power systems with high
penetration levels of inverter-based renewable generation, particularly
wind and solar energy.

Key topics covered in the book include the concept of inverter-
dominated grids, frequency and voltage stability, power quality and
harmonic impacts, fault ride-through (FRT) requirements, reduction in
short-circuit strength, and control interactions within transmission and
distribution systems. In addition, advanced enabling technologies such
as grid-forming inverters, HVDC systems, energy storage technologies,
FACTS devices, and digital monitoring solutions are examined within
a coherent, application oriented, and holistic framework.

Rather than focusing solely on isolated theoretical models, the book
emphasizes the interaction between renewable energy technologies and
real-world power system behavior. Engineering practices, system
operation requirements, and planning level decision-making processes
are addressed in conjunction with analytical methods and international
standards. Furthermore, the balance between system level costs,
flexibility requirements, and investment decisions is evaluated in an
integrated manner alongside the technical discussion.

The target audience of this book includes electrical and power system
engineers working in transmission and distribution networks,

renewable energy project developers, system operators, and technical
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managers responsible for the planning and operation of modern power
systems. The content is also suitable for graduate students and
researchers seeking a comprehensive and practice oriented
understanding of renewable energy integration.

By clearly defining its scope and target audience, this book aims to
serve as a reliable reference for professionals and researchers involved

in the design, operation, and transformation of future power systems.



ABBREVIATIONS

AC — Alternating Current

Al — Artificial Intelligence

AVR — Automatic Voltage Regulator

BESS — Battery Energy Storage System

CAPEX — Capital Expenditure

CO: — Carbon Dioxide

DC — Direct Current

DFIG — Doubly Fed Induction Generator

DLR — Dynamic Line Rating

ENTSO-E — European Network of Transmission System Operators for
Electricity

ESS — Energy Storage System

FACTS - Flexible AC Transmission Systems

FL — Federated Learning

FRT — Fault Ride Through

GDP — Gross Domestic Product

GFMI — Grid-Forming Inverter

GFLI — Grid-Following Inverter

HVAC — High Voltage Alternating Current

HVDC — High Voltage Direct Current

IEA — International Energy Agency

[EC — International Electrotechnical Commission

IEEE — Institute of Electrical and Electronics Engineers
Inverter-Dominated Grid — Power system structure dominated by

power-electronics-based sources



LCOE — Levelized Cost of Energy

LVRT — Low Voltage Ride Through

MMC — Modular Multilevel Converter

MMC-HVDC — Modular Multilevel Converter—-Based HVDC
O&M — Operation and Maintenance

OPEX — Operational Expenditure

PCC — Point of Common Coupling

PLL — Phase-Locked Loop

PMSG — Permanent Magnet Synchronous Generator

PV — Photovoltaic

Q-V Control — Reactive Power—Voltage Control

SCADA — Supervisory Control and Data Acquisition

SCR — Short-Circuit Ratio

STATCOM - Static Synchronous Compensator

SVC — Static VAR Compensator

TSO — Transmission System Operator

VSC — Voltage Source Converter

VSC-HVDC — Voltage Source Converter—-Based HVDC
Weak Grid — Power system characterized by low short-circuit strength

and limited voltage/frequency stiffness
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INTEGRATION OF RENEWABLE ENERGY INTO MODERN
POWER SYSTEMS: TECHNICAL, ECONOMIC, AND POWER
QUALITY PERSPECTIVES

Serhat ISIKLI

INTRODUCTION

Over the past two decades, energy systems have undergone a profound
transformation driven not only by the deployment of new generation
technologies, but also by the impact of these technologies on existing
grid structures and operational dynamics. Power systems that were
traditionally shaped around centralized, large-scale, and predictable
synchronous generators are now evolving toward distributed, flexible,
and power-electronics-intensive structures with a high penetration of
renewable energy sources. This transition represents not merely a
technical change, but a structural paradigm shift that requires the re-
examination of planning, operation, protection, and economic
assessment approaches.

The integration of renewable energy has become an unavoidable
necessity for ensuring energy supply security and reducing carbon
emissions. However, the increasing share of resources such as wind and
solar energy—characterized by variable and uncertain generation
profiles—introduces multidimensional impacts on the dynamic
behavior of power systems. This situation challenges classical power

system assumptions and necessitates a re-evaluation of fundamental
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issues such as frequency and voltage stability, power quality, short-
circuit strength, and system flexibility (IEA, 2023; IEEE PES, 2020).

This book presents a system-oriented approach to the integration of
renewable energy into modern power systems by jointly addressing
technical, economic, and power quality dimensions. In the subsequent
chapters, following an overview of energy resources and global
transformation dynamics, inverter-dominated grid structures, stability
and power quality challenges, advanced transmission technologies,
energy storage solutions, and emerging trends in future power systems

are examined from a holistic perspective.

1. PARADIGM SHIFT IN POWER SYSTEMS

This chapter addresses the structural transformation of power systems
driven by the increasing integration of renewable energy sources within
a conceptual framework. The transition from traditional synchronous-
generator-based grid structures to power-electronics-intensive and
control-oriented systems is not limited solely to changes in generation
technologies. Rather, this transformation entails a fundamental
reconfiguration of grid topology, operational strategies, stability
mechanisms, and planning approaches.

Within the scope of this chapter, the impacts of the global energy
transition on grid structures, the emergence of the inverter-dominated
grid concept, the underlying causes of increasing complexity in
transmission and distribution systems, and the methodological
approach adopted in this book are systematically discussed. This

framework establishes a foundational reference point for the technical

15



and economic analyses presented in the subsequent chapters of the
book.
This paradigm shift is conceptually illustrated in Figure 1.

/Couventiona] Power S}'stem\ /In\ferter—llominated Grid \

+ Large synchronous generators ENERGY TRANSITION +» Wind and PV generation

+ High mechanical mertia * Power-electronics-based interfaces

(Renewables + Power Electronics)

+ Strong short-circuit capacity (inverters)
+ Unidirectional power flow | + Low / virtual inertia
+ Hardware-based stability + Reduced short-circuit strength

\ / KBidiJectional and dynamic power/

Figure 1. Transition from conventional power systems to inverter-

dominated grids

1.1 Global Energy Transition and the Evolution of Grid Structures
Global energy policies are increasingly shifting from fossil-fuel-based
generation toward low-carbon and renewable energy sources in
response to climate change mitigation, energy supply security, and
sustainable development objectives. Reports published by the
International Energy Agency (IEA) indicate that electricity generation
portfolios are rapidly evolving in many countries, with wind and solar
energy becoming dominant in new installed capacity investments (IEA,
2023; IEA Wind, 2020).

Traditional power systems were built around centralized generation
structures consisting of large-scale thermal, hydroelectric, and nuclear
power plants. This synchronous-generator-dominated architecture

enabled stable and reliable operation over many decades due to high
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mechanical inertia, strong short-circuit capacity, and predictable
operating conditions (Kundur, 1994).

However, the widespread deployment of renewable energy sources has
increasingly challenged this conventional structure. Distributed
generation, bidirectional power flows, and power-electronics-based
grid interfaces have rendered grid behavior more flexible, yet

simultaneously more complex (ENTSO-E, 2022).

1.2 Transition from Conventional Systems to Inverter-Dominated
Grids

A significant portion of renewable energy technologies is connected to
the grid through power electronic inverters rather than synchronous
generators. This development has led to the emergence of a new
operational regime in modern power systems, commonly referred to as
inverter-dominated grids (Lasseter, 2011).

In such systems, frequency and voltage are no longer primarily
governed by mechanical inertia, but are instead established and
regulated through software-based control algorithms. If these control
strategies are inadequately designed or poorly coordinated, severe
stability issues may arise, particularly under high renewable penetration

levels (Energies, 2021).

1.3 Increasing Complexity in Transmission and Distribution
Systems
The integration of renewable energy sources has significantly

transformed the traditional roles of transmission and distribution
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systems. Distribution networks are no longer passive infrastructures;
they have evolved into dynamic systems incorporating active
generation, energy storage, and flexible loads (Sustainability, 2022).

At the transmission level, large-scale renewable power plants—often
located in remote regions—have altered power flow patterns and
pushed operational limits. These changes introduce new challenges
related to congestion management, system security, and dynamic

performance (Applied Energy, 2020).

1.4 Scope and Methodological Approach of This Book

This book presents a holistic approach to the integration of renewable
energy into modern power systems by jointly addressing technical,
economic, and power quality perspectives. The analysis integrates
theoretical foundations, international standards (IEEE, IEC), and
engineering insights derived from practical field experience.

Through this approach, the book aims to serve not only academic
audiences but also system operators, engineers, project managers, and
decision-makers involved in the planning and operation of

contemporary power systems.

2. IMPACTS OF RENEWABLE ENERGY SOURCES
ON THE POWER GRID

The integration of renewable energy sources into electric power
systems represents not only a diversification of generation
technologies, but also a fundamental influence on the physical,

dynamic, and operational characteristics of the grid. Nature-dependent

18



generation sources such as wind and solar energy challenge long-
standing assumptions of conventional power systems, including
predictability, high inertia, and strong short-circuit capacity.
Consequently, a thorough and accurate assessment of the grid impacts
of renewable energy integration is of critical importance for the secure
and efficient operation of modern power systems.

This chapter examines the fundamental characteristics of wind and solar
energy, explains the concepts of variability and uncertainty, discusses
the weak grid phenomenon and its technical implications, and evaluates
the effects on power flow, voltage profiles, and system stability from an

engineering perspective.

2.1 Characteristic Features of Wind and Solar Energy

Wind and solar energy are among the fastest-growing renewable
technologies in global electricity generation. Key drivers of this growth
include technological maturity, declining investment costs, modular
design, and environmental benefits. However, the physical mechanisms
underlying these generation sources differ significantly from those of
conventional power plants.

Wind energy is based on the conversion of the kinetic energy of air
movements—caused by atmospheric pressure differences—into
electrical energy. The power output of wind turbines is proportional to
the cube of wind speed, meaning that even small variations in wind
velocity can result in substantial fluctuations in power generation. In

addition, wind regimes exhibit both temporal and spatial variability
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depending on factors such as topography, elevation, surface roughness,
and meteorological conditions (Ackermann, 2012).

Solar energy generation relies on the direct conversion of solar
irradiance into electrical energy through photovoltaic (PV) panels. The
output of PV systems is influenced by several factors, including solar
irradiance levels, cloud cover, panel temperature, and tilt angle. The
daily generation profile typically features a pronounced daytime peak,
with zero production during nighttime hours. While this predictable
diurnal pattern is often considered an advantage compared to wind
energy, short-term phenomena such as rapid cloud movements can still
cause significant power fluctuations (IEA PVPS, 2022).

Both wind and solar energy sources are connected to the grid via power-
electronics-based inverters rather than synchronous generators. While
this interface provides enhanced controllability and flexibility in power
injection, it also makes system dynamics increasingly dependent on

inverter control strategies (Energies, 2021).

Table 1. Key Characteristics of Wind and Solar Energy from a Grid

Integration Perspective

Feature Wind Energy Solar Energy
Generation Highly variable, Diurnal-cycle-based,
characteristics stochastic relatively predictable

Time scale of )
o Seconds to hours Minutes to days
variability
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Feature Wind Energy Solar Energy

. . DFIG / PMSG with .
Grid connection . . Fully inverter-based
inverter interface

Inertia contribution |[Low / virtual None / virtual

Flicker, voltage

Voltage impact o Voltage rise
oscillations

Control requirements|Medium to high High

Impact on o ]
Limited Highly pronounced

distribution networks

2.2 Variability and Uncertainty

One of the fundamental challenges encountered in the integration of
renewable energy sources into power systems is related to the concepts
of variability and uncertainty. Although these terms are often used
together, they represent distinct technical phenomena.

Variability refers to the inherent temporal fluctuations in power
generation. For instance, intra-day changes in wind speed or seasonal
variations in solar irradiance are natural manifestations of variability.
Such fluctuations can be statistically analyzed and are, to a certain
extent, predictable (Holttinen et al., 2013).

Uncertainty, on the other hand, describes the deviation between
forecasted and actual power generation. Errors in meteorological
forecasts, sudden weather events, and localized atmospheric effects

limit the accuracy of generation predictions. Especially at short time
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scales—ranging from minutes to hours—uncertainty poses significant
challenges for system operators (IEA, 2023).

At high renewable penetration levels, these two effects directly
influence system operation strategies. As conventional power plants are
gradually displaced, the availability of flexible generation capacity
decreases, leading to an increased need for balancing reserves. This
situation necessitates the redesign of frequency control schemes,
reserve capacity planning, and market mechanisms (ENTSO-E, 2022).
Consequently, modern power systems seek to manage the impacts of
variability and uncertainty through the combined use of improved
renewable generation forecasting, flexible resources, energy storage

systems, and demand-side participation.

2.3 The Concept of Weak Grids and Its Technical Implications
With the widespread integration of renewable energy sources, the
concept of the weak grid has become increasingly prominent in the
literature. A weak grid typically refers to a power system characterized
by low short-circuit strength, high network impedance, and increased
sensitivity to voltage and frequency disturbances.

Weak grid conditions are particularly evident in large-scale wind and
solar power plants installed in remote areas. In such regions, long
transmission lines reduce short-circuit levels at connection points,
making the interaction between inverter-based generation sources and
the grid more critical (IEEE PES, 2020).

From a technical perspective, weak grid conditions may lead to the

following consequences:
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e Increased voltage fluctuations

e Amplified harmonic distortion

e Control interactions between power electronic systems

e Reduced reliability of protection systems
In cases where inverter-based generation operates in grid-following
mode, weak grid conditions can result in unstable operating points or
even loss of synchronization. For this reason, the concept of grid-
forming inverters has gained increasing attention in recent years as a
potential solution to weak grid challenges (Lasseter, 2011; Energies,

2022).

2.4 Impacts on Power Flow, Voltage Profiles, and Stability

The integration of renewable energy sources significantly alters the
power flow characteristics of electrical power systems. In conventional
systems, power flow is predominantly unidirectional—from generation
centers to load centers. However, with the increasing penetration of
distributed generation, bidirectional power flows have become
widespread.

This situation complicates voltage profile control, particularly at the
distribution level. In regions with high concentrations of solar energy
systems, voltage rise phenomena are frequently observed under low-
load and high-generation conditions. Similarly, sudden output
variations of wind power plants can cause voltage oscillations at the
transmission level (Sustainability, 2022).

From a stability perspective, the growing share of renewable energy

sources affects both small-signal stability and transient stability. The
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reduction of mechanical inertia increases system sensitivity to
frequency disturbances, while inappropriate selection of inverter
control parameters may exacerbate oscillatory behavior (Applied
Energy, 2020).

Therefore, in modern power systems, power flow and stability analyses
must extend beyond static approaches and incorporate dynamic and
scenario-based methods. To ensure the secure continuation of
renewable energy integration, voltage control, reactive power
management, and system flexibility must be evaluated in an integrated

manner.

3. POWER-ELECTRONICS-BASED INTEGRATION
AND INVERTER-DOMINATED GRIDS

An examination of the historical development of electric power systems
reveals that system behavior has traditionally been governed largely by
the physical characteristics of synchronous generators. Mechanical
inertia, electromagnetic transients, and generator—grid interactions have
inherently supported frequency and voltage stability. However, with the
widespread deployment of renewable energy sources, this conventional
structure is increasingly being replaced by power-electronics-based
integration.

Today, the majority of wind and solar power plants are connected to the
grid not through synchronous generators, but via inverter and converter
systems. This development indicates that modern power systems have
entered a new operational regime commonly referred to as inverter-

dominated grids. In this regime, grid behavior is shaped primarily by
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control algorithms and software-based strategies rather than by physical
rotating machines (Lasseter, 2011; IEEE PES, 2020).

This chapter examines the role of power electronics in modern grids,
describes the DFIG, PMSG, and PV inverter structures widely used in
wind and solar energy systems, compares grid-following and grid-
forming inverter approaches, and analyzes the impacts of control

strategies on overall system behavior

3.1 The Role of Power Electronics in Modern Grids

Power electronics plays a key role in the generation, conversion,
transmission, and control of electrical energy. Advances in high-power
semiconductor switching devices have enabled energy conversion
processes to become more efficient, flexible, and rapidly controllable.
In renewable energy systems, power electronics serves as an interface
between the energy source and the grid, harmonizing their inherently
different characteristics.

In modern power systems, inverters are not merely energy conversion
devices; they also function as active control elements. Fundamental grid
variables such as voltage magnitude, frequency, and active and reactive
power flow can be precisely regulated through inverter control
algorithms. While this capability provides system operators with
significant flexibility, it also increases the complexity of control
structures (Energies, 2021).

The main advantages offered by power-electronics-based systems
include:

e Fast dynamic response capability
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e Flexible active and reactive power control

e Compliance with grid codes (e.g., FRT, LVRT)

e Modular and scalable architecture
Conversely, inverter-dominated systems also exhibit inherent
weaknesses. The absence of mechanical inertia, limited short-circuit
contribution, and susceptibility to control interactions introduce new
risks from a system stability perspective. As a result, the role of power
electronics in modern grids represents not merely a technological

choice, but a fundamental redefinition of power system philosophy.

3.2 DFIG, PMSG, and PV Inverter Structures
Power-electronics-based integration structures used in wind and solar
energy systems vary depending on the physical characteristics of the
energy source and operational requirements. In wind energy
applications, the most widely used generator types are the Doubly Fed
Induction Generator (DFIG) and the Permanent Magnet Synchronous
Generator (PMSG), whereas solar energy systems are predominantly
based on fully inverter-connected photovoltaic (PV) structures.
DFIG-based wind turbines operate on the principle of controlling the
rotor windings through power electronic converters. This configuration
allows variable-speed operation around synchronous speed and enables
active and reactive power control using converters with relatively lower
rated capacity. Despite these advantages, DFIG systems are more
sensitive to grid disturbances and may require complex protection and

control schemes (Ackermann, 2012).
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In PMSG-based systems, the generator is fully connected to the grid
through power electronic converters. This structure enables operation
over a wide speed range, higher efficiency, and enhanced
controllability. Due to the full-converter interface, PMSG systems can
be largely decoupled from grid conditions; however, this also results in
limited short-circuit current contribution (Energies, 2020).

In solar energy systems, the direct current produced by PV panels is
converted into alternating current through inverters and injected into the
grid. PV inverters can simultaneously perform functions such as
maximum power point tracking (MPPT), voltage regulation, and
reactive power support. Nevertheless, since PV systems are entirely
inverter-based, their impact on grid behavior is directly dependent on
control strategies.

When considered together, these three structures clearly demonstrate
that modern power systems are increasingly dominated by power-

electronics-based generation sources.

3.3 Grid-Following and Grid-Forming Inverters

At the core of the inverter-dominated grid concept lies the question of
how inverters interact with the power system. In this context, inverters
are generally classified into two fundamental operating modes: grid-
following and grid-forming. The basic operational principles and
differences between grid-following and grid-forming inverters are

conceptually illustrated in Figure 2.
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\ /Grid—Farm ing Inverter \

Grid-Following Inverter

* Follows grid voltage * Establishes voltage

* Follows grid frequency * Establishes frequency

* Requires PLL * No PLL required

* Mo inertia contribution * Provides virtual inertia

* Limited weak-grid support * Suitable for weak grids

* Not suitable for islanded operation » Suitable for islanded operation

. N\ /

Figure 2. Conceptual comparison of grid-following and grid-forming

inverters

Grid-following inverters operate by referencing the voltage and
frequency already present in the grid. These inverters synchronize with
the grid using a phase-locked loop (PLL) and follow predefined active
and reactive power setpoints. The majority of commercially available
PV and wind inverters today are designed according to the grid-
following principle (IEEE PES, 2020).

While this approach performs reliably in strong and stable grids, it
exhibits significant limitations under weak grid conditions. When grid
voltage is unstable or short-circuit strength is low, PLL-based
synchronization becomes challenging and may drive the inverter into
unstable operation.

Grid-forming inverters, in contrast, are designed to establish their own
reference voltage and frequency within the grid. By emulating the
behavior of a virtual synchronous generator, these inverters aim to

provide system inertia as well as voltage and frequency support through
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software-based control. The grid-forming approach is therefore
regarded as a critical solution for islanded operation, microgrids, and
power systems with high renewable energy penetration (Lasseter, 2011;
Energies, 2022).

The distinction between these two approaches represents one of the key
factors shaping the future architecture of inverter-dominated power

systems.

Table 2. Comparison of Grid-Following and Grid-Forming Inverters

Criterion Grid-Following Grid-Forming
_ Grid voltage and '

Reference requirement Self-established
frequency

Use of PLL Required Not required

Compatibility with weak .

‘ Low High

grids

Inertia behavior None Virtual inertia

Islanded operation Not suitable Suitable

Control complexity Low to medium High

Future role in power ‘ ‘
Decreasing Increasing

systems

3.4 Impact of Control Strategies on System Behavior
In power-electronics-based systems, control strategies directly

determine the dynamic behavior of the overall system. Current-
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controlled, voltage-controlled, droop-controlled, and virtual
synchronous machine (VSM)-based approaches are selected according
to specific system requirements and operating conditions.
Poorly designed control parameters may intensify interactions among
inverters, leading to oscillations, amplification of harmonic
components, and loss of system stability. This issue becomes
particularly critical in scenarios where multiple inverters are connected
to the same point of common coupling or to a weak grid, making
coordinated control essential (Applied Energy, 2020).
Therefore, in modern power systems, control strategies should be
designed to be:

e Sensitive to grid strength,

e Adaptive to dynamic operating conditions, and

e Compliant with applicable grid codes and standards.
The appropriate selection and coordination of control algorithms
constitute a key prerequisite for the secure, stable, and sustainable

operation of inverter-dominated grids.

4. HIGH-RENEWABLE-PENETRATION POWER
SYSTEMS AND STABILITY CHALLENGES

When the share of renewable energy sources in electricity generation
exceeds a certain threshold, the dynamic behavior of power systems
changes qualitatively. At low and medium penetration levels, renewable
power plants can generally be operated smoothly with the support of

the existing conventional generation infrastructure. However, at high
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penetration levels, new risks emerge in terms of system stability, power
quality, and operational security.

The main reason for this is the reduced contribution of synchronous
generators and the increasing dominance of power-electronics-based
resources in high-renewable-penetration systems. The decline of
mechanical inertia, reduced short-circuit strength, and increased
dependence on control systems make it necessary to reassess classical
topics such as frequency and voltage stability (IEEE PES, 2020;
ENTSO-E, 2022; IEA Wind, 2020).

In this chapter, the main stability challenges encountered in high-
renewable-penetration power systems are discussed under the
following headings: frequency and voltage stability, reduced short-
circuit strength problems, fault ride-through (FRT) requirements, and

operational risks from a system-operator perspective.

4.1 Frequency and Voltage Stability

Frequency and voltage stability are two key dynamic variables that are
essential for the secure operation of electric power systems. In
conventional systems, stability is largely ensured passively through the
mechanical inertia and inherent electromagnetic characteristics of large
synchronous generators. However, the growing penetration of
renewable energy sources weakens these natural balancing
mechanisms.

From a frequency stability perspective, reduced system inertia is among
the most critical impacts. As synchronous generators are displaced,

system frequency responds more rapidly and with larger magnitudes to
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power imbalances. This can cause frequency to deviate quickly from its
nominal value during sudden generation losses or load increases (Ulbig
et al., 2014).

Voltage stability becomes more complex, particularly in regions with a
high concentration of inverter-based generation. While conventional
plants support voltage control mainly through their reactive power
capability, in inverter-based systems this support depends on the correct
operation of control algorithms. Insufficient or delayed reactive power
support may increase the risk of voltage collapse (Kundur, 1994).

In high-renewable-penetration systems, frequency and voltage stability
are no longer independent issues; due to control interactions, they
become coupled dynamics. Therefore, stability analyses must go
beyond classical static approaches and be addressed using dynamic and

scenario-based methods (Applied Energy, 2020).

4.2 Reduced Short-Circuit Strength Problems

Another fundamental problem frequently observed at high renewable
penetration levels is the reduction of grid short-circuit strength. Short-
circuit strength is an important parameter that reflects a grid’s
robustness against voltage disturbances and fault conditions.
Synchronous generators provide high fault currents, which both support
voltage stability and enable reliable operation of protection systems.
Inverter-based generation resources, by their nature, can provide only
limited short-circuit current. Most inverters deliberately limit fault
current to a certain multiple of rated current in order to protect

semiconductor devices. This results in reduced short-circuit strength—
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particularly at transmission and distribution levels—and contributes to
the emergence of weak-grid conditions (IEEE Task Force on Low
Short-Circuit Systems, 2020).
Reduced short-circuit strength may lead to the following technical
consequences:

e Increased voltage fluctuations

e Synchronization difficulties for PLL-based inverters

e Incorrect or delayed operation of protection relays

e Increased control interactions
These problems can trigger cascading effects that threaten stability not
only at the level of an individual plant, but across the entire system. For
this reason, short-circuit strength has become a critical assessment
criterion in the planning and operation of high-renewable-penetration

power systems (Energies, 2021).

4.3 Fault Ride-Through (FRT) Requirements

One of the most important technical requirements for renewable energy
plants to contribute to grid stability is fault ride-through (FRT)
capability. FRT refers to the ability of a generation facility to remain
connected and continue operating during short-duration voltage dips or
fault events in the grid.

In the past, many renewable power plants would automatically
disconnect during grid faults, leading to cascading generation losses. At
high penetration levels, this behavior can cause a rapid frequency

decline and may result in widespread outages. Therefore, many national
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grid codes now define mandatory FRT requirements for wind and solar
power plants (ENTSO-E, 2016).

FRT requirements do not only mandate that the plant stays connected;
they also include providing active and reactive power support during
and after the fault. In particular, reactive current injection during
voltage depression significantly supports the system recovery process
(IEEE Std 1547, 2018).

However, implementing FRT functions increases the complexity of
inverter control systems and creates a structure more sensitive to control
interactions. Poorly designed FRT strategies may amplify post-fault
oscillations and lead to instability. Therefore, FRT should be treated not
merely as a compliance requirement, but as a critical design topic for

system stability.

4.4 Operational Risks from a System-Operator Perspective
High-renewable-penetration power systems introduce new and
complex risks for system operators. These risks are not limited to
technical aspects; they also result in operational and economic
consequences.
From an operational perspective, the main risks can be summarized as
follows:

e Insufficient frequency and voltage control reserves

e Increased imbalances due to generation and demand

forecast errors

e Coordination issues between protection and control systems
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e Limited response time and increased decision pressure in
emergency scenarios

These risks make traditional operating procedures inadequate in high-
renewable-penetration systems and require the development of new
operating strategies. Real-time monitoring and state estimation
systems, flexible generation resources, energy storage solutions, and
advanced control algorithms have become critical tools for system
operators in this new risk environment (Sustainability, 2022).
In addition, high renewable penetration transforms the operator’s role
imto a more active, forecast-driven, and scenario-based function.
Operational decisions must increasingly be based not only on the
instantaneous system state, but also on uncertainties, risk assessments,
and forward-looking operating scenarios. This clearly indicates that the
boundary between operation and planning activities is becoming

increasingly blurred in modern power systems.

5. POWER QUALITY PROBLEMS AND HARMONIC
IMPACTS

In electric power systems, power quality refers to the extent to which
the energy delivered to end users remains within acceptable limits in
terms of voltage magnitude, frequency, and waveform characteristics.
In traditional power systems, power quality problems were mainly
driven by industrial loads or large rectifier systems, whereas in modern
power systems these problems have become increasingly complex. The

widespread integration of renewable energy sources and the growing
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dominance of power-electronics-based equipment have made power
quality a critical engineering challenge—on par with system stability.
In inverter-dominated grid structures in particular, issues such as
harmonic distortion, waveform deformation, flicker, voltage unbalance,
and resonance are observed more frequently. These disturbances not
only reduce equipment lifetime, but also may lead to maloperation of
protection systems, increased transmission and distribution losses, and
reduced overall system reliability (IEEE PES, 2020).

This chapter provides a technical framework addressing the
fundamental sources of harmonics, power quality issues observed in
renewable energy facilities, relevant international standards, and active,

passive, and hybrid filtering solutions used to mitigate these problems.

5.1 Fundamental Sources of Harmonics

Harmonics are defined as undesirable frequency components that
appear in voltage or current waveforms at integer multiples of the
fundamental frequency. In an ideal power system, voltage and current
waveforms should be purely sinusoidal. In practice, however, non-
lincar loads and power-electronics-based devices distort these
waveforms.

In conventional power systems, the main sources of harmonics include
rectifiers, arc furnaces, variable frequency drives (VFDs), fluorescent
lighting, and transformers operating in saturation. Such equipment
draws non-sinusoidal currents from the grid, producing harmonic

currents. These currents are converted into voltage harmonics through
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the network impedance and propagate throughout the system (Arrillaga
et al., 2003).
In modern power systems, the profile of harmonic sources has changed
significantly. Inverters used in renewable energy systems operate based
on high-frequency switching principles and may generate both low-
order and high-order harmonics. Switching frequency, filter topology,
and control algorithms directly determine the characteristics of the
harmonic spectrum (Bollen & Hassan, 2011).
The impacts of harmonics on power systems can be summarized as
follows:

e Additional losses and heating in transformers and cables

e Distortion of the voltage waveform

e Incorrect operation of protection and measurement systems

e Increased resonance risk
These impacts become more pronounced in high-renewable-penetration
systems, making power quality an integral part of overall system

stability.

5.2 Power Quality Issues in Renewable Energy Facilities
Renewable energy facilities are at the center of power quality
challenges because they inherently rely on power-electronics-based
interfaces. Power quality issues observed in wind and solar power
plants are not limited to harmonics; flicker, voltage fluctuations, and
unbalance are also common.

In wind power plants, especially those using DFIG-based turbines,

sudden changes in wind speed lead to active power fluctuations. These
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fluctuations can be perceived as voltage flicker at the transmission
level. Although this effect can be better controlled in PMSG and full-
converter systems, similar issues may arise if inverter control
parameters are insufficient or poorly tuned (Ackermann, 2012).

In solar power plants, sudden cloud transients can cause short-duration
but high-amplitude power variations. In regions with high PV
penetration at the distribution level, these variations appear as voltage
rises and voltage fluctuations. In addition, if PV inverter
synchronization and MPPT algorithms are not properly designed,
harmonic amplification may occur (IEA PVPS, 2022).

The impacts of power quality problems in renewable energy plants are
observed not only on the grid side but also within plant equipment.
Increased thermal stress in inverters, transformers, and cables reduces
equipment lifetime and raises maintenance costs. Therefore, power
quality has become not only a compliance criterion but also a critical

parameter for the economic sustainability of renewable energy projects.

5.3 IEEE 519 and IEC 61000 Standards

International standards play a critical role in the systematic
management of power quality problems. In this context, one of the most
widely used standards is IEEE 519. IEEE 519 defines permissible
voltage and current harmonic levels at the Point of Common Coupling
(PCC) and specifies limit values for total harmonic distortion (THD).
According to IEEE 519, the voltage THD at the PCC should generally
be kept below 5%. For current harmonics, the limit values vary

depending on the ratio of the grid short-circuit strength to the load
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current (IEEE Std 519-2014). This approach is important because it
accounts for the determining role of grid electrical strength in harmonic
impacts.

The IEC 61000 series provides a broader framework under
electromagnetic compatibility (EMC). This series includes many sub-
standards covering harmonics, flicker, voltage fluctuations, and
immunity requirements. In particular, IEC 61000-3 and IEC 61000-4
are widely used to assess the power quality performance of equipment
deployed in renewable energy facilities.

These standards do not only specify limit values; they also provide a
technical framework that guides design, testing, and verification
processes. Compliance with power quality standards is considered a
fundamental requirement for inverter-based renewable energy facilities
to operate compatibly with the grid, ensuring equipment safety and
operational continuity (IEEE Std 519-2014; IEC 61000). Achieving the
limits defined by these standards in practice often requires additional

engineering solutions.

5.4 Active, Passive, and Hybrid Filtering Solutions

Among the most common engineering solutions for mitigating power
quality problems are filtering systems. These filters are used to suppress
harmonic currents or prevent their propagation through network
impedance. Filtering solutions are generally classified as passive,
active, and hybrid filters.

Passive filters are based on tuning inductance (L), capacitance (C), and

resistance (R) elements to specific frequencies. Their key advantages
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are effectiveness against certain harmonic orders and relatively low
cost. However, resonance risk, fixed tuning characteristics, and limited
adaptability under varying load conditions are major disadvantages
(Arrillaga et al., 2003).

Active filters are power-electronics-based systems that measure
harmonic currents in real time and generate compensating currents with
opposite phase. This approach offers significant advantages in
broadband harmonic mitigation and adaptability to varying operating
conditions. Nevertheless, active filters have higher costs, increased
control complexity, and stronger dependence on power-electronic
components (Bollen & Hassan, 2011).

Hybrid filters were developed to combine the advantages of passive and
active filters. These structures typically employ passive filters for low-
order harmonics and active filters for variable and higher-order
harmonics. Especially in large-scale renewable power plants, hybrid
filtering solutions are considered attractive in terms of performance—
cost balance (Applied Energy, 2020).

Filter selection and design should not be based solely on harmonic
levels. Network impedance, short-circuit strength, inverter operating
characteristics, and potential resonance scenarios must be evaluated
together. Otherwise, poorly coordinated filtering solutions may create
new resonance conditions or negatively affect operational security
instead of mitigating power quality problems (Arrillaga et al., 2003;
Bollen & Hassan, 2011).
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6. HVDC AND ADVANCED TRANSMISSION
TECHNOLOGIES

The rapid growth of renewable energy sources has necessitated
profound transformations not only on the generation side but also
within transmission infrastructures. The fact that large-scale wind and
solar power plants are often located far from major load centers has
pushed conventional AC transmission systems to their technical and
economic limits. In this context, High Voltage Direct Current (HVDC)
systems have emerged as one of the most critical components of
renewable energy integration in modern power systems.

HVDC technologies offer significant advantages in applications such
as long-distance power transmission, submarine cable connections, and
the interconnection of asynchronous power systems. In today’s power
systems—where inverter-dominated grid structures are becoming
increasingly prevalent—HVDC is no longer regarded merely as an
alternative transmission option, but rather as a strategic tool for
enhancing system stability and controllability (CIGRE, 2019; IEEE
PES, 2020).

This chapter examines the role of HVDC systems in renewable energy
integration, provides a technical discussion of VSC-HVDC and MMC-
HVDC architectures, explores offshore and remote-area integration
scenarios, and evaluates stability and control aspects within a

comprehensive and system-oriented framework.
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6.1 Role of HVDC Systems in Renewable Energy Integration

The primary advantage of HVDC systems lies in their ability to transmit
electrical energy over long distances with low losses and a high degree
of controllability. In AC transmission systems, increasing distance leads
to a significant rise in reactive power requirements, voltage drops, and
stability limitations, whereas HVDC systems eliminate a large portion
of these constraints.

From the perspective of renewable energy integration, the role of
HVDC can be classified into three main categories. The first is the
transmission of large-scale wind and solar power plants from remote
locations to major load centers. The second is the connection of offshore
wind farms to onshore grids via submarine cables. The third is the
interconnection of power systems with different frequencies or
operating characteristics (Ackermann, 2012).

Because HVDC systems allow full control of active power flow, they
help balance the variability of renewable energy sources at the system
level. Unlike AC systems, where power flow is largely determined by
network impedances, HVDC power transfer can be directly regulated
through control systems. This capability provides a major advantage in
managing transmission bottlenecks in systems with high renewable
energy penetration (ENTSO-E, 2022).

In addition, HVDC interconnections can provide electrical isolation
between AC systems under fault conditions, thereby preventing the
propagation of stability problems. In this sense, HVDC is often

regarded as a “stability barrier” in modern power systems.
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6.2 VSC-HVDC and MMC-HVDC Architectures
One of the most significant developments in the evolution of HVDC
technologies is the transition from Line Commutated Converter (LCC)—
based systems to Voltage Source Converter (VSC)—based systems.
Although LCC-HVDC systems are effective at very high-power levels,
their need for reactive power support, extensive harmonic filtering, and
limited capability to connect to weak grids make them less suitable for
renewable energy integration.
VSC-HVDC systems, on the other hand, can independently control
active and reactive power due to their power-electronics-based
structure. They are capable of connecting to weak grids and can even
energize passive networks. These features make VSC-HVDC an ideal
solution for offshore wind power plants and inverter-dominated grid
structures (IEEE PES, 2020).
Modular Multilevel Converter (MMC)-based HVDC systems are
widely regarded as the most advanced form of VSC technology.
According to CIGRE technical studies, the modular submodule-based
architecture of MMC-HVDC systems provides several key advantages,
including (CIGRE, 2019):

e Lower harmonic distortion levels

e Higher efficiency

e Improved scalability

Reduced filtering requirements
MMC-HVDC systems have significantly enhanced the performance of
VSC-HVDC technology, particularly at high power levels, and have

accelerated the widespread adoption of HVDC solutions. As a result,
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HVDC has evolved from a niche application into one of the core

transmission technologies in modern power systems.

6.3 Offshore and Remote-Area Integration

Offshore wind energy has gained increasing importance in renewable
energy investments due to its high-capacity factors and more stable
wind regimes. However, integrating offshore wind farms into onshore
grids presents substantial engineering challenges. In submarine cable
applications, AC transmission becomes technically and economically
inefficient beyond a certain distance because of capacitive effects.

At this point, HVDC emerges as an almost indispensable technology
for offshore integration. VSC-HVDC and MMC-HVDC systems enable
wind farms to be connected to the onshore grid in an electrically
independent manner by providing voltage and frequency formation
capabilities at offshore platforms (Ackermann, 2012; Energies, 2021).

Similarly, for large-scale solar power plants located in desert regions or
wind farms situated in mountainous areas, HVDC plays a critical role
in reducing losses and mitigating stability problems associated with
long-distance transmission. In such projects, HVDC is not only a
technical solution but also a key determinant of overall economic
feasibility (Applied Energy, 2020).

Another important contribution of HVDC in offshore and remote-area
integration is the flexibility it provides in system planning.
Multiterminal HVDC (MTDC) configurations offer significant
potential for the future interconnection of renewable energy hubs and

the realization of “supergrid” concepts.
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6.4 Stability and Control Perspective
One of the most important roles of HVDC systems in modern power
systems is the flexibility they provide in terms of stability and control.
VSC- and MMC-based HVDC systems can deliver frequency and
voltage support services thanks to their fast control capabilities. This
feature is particularly critical for maintaining system stability in
inverter-dominated grid environments.
HVDC interconnections can provide frequency support through active
power modulation and contribute to voltage profile regulation via
reactive power control. These functionalities transform HVDC from a
passive transmission link into an active system component (IEEE PES,
2020).
Nevertheless, the control of HVDC systems is more complex than that
of conventional AC systems. Multiple control loops, AC-DC
interactions, and dynamics operating across different time scales
require careful design and coordination. Improperly configured control
strategies may introduce new instability mechanisms instead of
enhancing system stability (CIGRE, 2019).
For this reason, during the planning and operation of HVDC system:s,
the following aspects are of critical importance:

e Joint modeling of AC and DC systems

e Scenario-based dynamic analyses

e Integrated design of protection and control systems
In modern power systems, HVDC should be regarded as a powerful tool

that enhances stability when properly designed, but as a complex
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component capable of amplifying system risks when poorly

implemented.

7. ENERGY STORAGE AND ENABLING
TECHNOLOGIES

The increasing share of renewable energy sources in electric power
systems has necessitated a reassessment of system design not only in
terms of generation capacity but also with respect to flexibility. Wind
and solar energy sources, characterized by variable and uncertain
generation profiles, challenge the balancing mechanisms upon which
conventional power systems have relied for decades, thereby requiring
new solutions for frequency control, voltage regulation, and power flow
management.

In this context, Energy Storage Systems (ESS) and flexibility-
enhancing enabling technologies have become indispensable
components of modern power systems. ESS and FACTS devices play a
critical role not only in addressing technical challenges but also in
enhancing system operational security, economic -efficiency, and
planning optimization (IEA, 2022; IEEE PES, 2020).

This chapter examines the main types of energy storage systems and
their integration into power grids, the role of FACTS devices, the
concept of flexibility in renewable energy integration, and the

operational and planning impacts of these technologies.

46



7.1 Types of Energy Storage Systems and Grid Integration

Energy Storage Systems (ESS) can be defined as technologies that
enable electrical energy to be stored for a certain period and supplied
back to the system when required. ESS technologies are categorized
according to criteria such as time scale, power and energy capacity,
efficiency, and response time.

The most widely used energy storage technologies include Battery
Energy Storage Systems (BESS), Pumped Hydroelectric Storage
(PHS), supercapacitors, flywheels, and hydrogen-based storage
solutions. Pumped hydroelectric storage systems have traditionally
played a significant role in system balancing due to their large energy
capacity and long-duration storage capability. However, geographical
constraints and high capital investment costs limit their widespread
deployment (IEA, 2022).

Battery Energy Storage Systems, on the other hand, have become
increasingly prominent in renewable energy integration due to their
modular structure, fast response times, and suitability for distributed
applications. In particular, lithium-ion batteries provide effective
solutions for frequency regulation, peak load shaving, and short-term
backup services (Energies, 2021).

The grid integration of ESS is not limited to hardware selection alone.
Decisions regarding the location, capacity, and control strategies of
storage systems have a direct impact on overall system performance.
ESS deployed at the distribution level can provide local voltage control

and power quality improvement, whereas large-scale ESS installed at
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the transmission level play a critical role in system-wide frequency

regulation and power balancing (Applied Energy, 2020).

7.2 Role of FACTS Devices (STATCOM, SVC)
Flexible AC Transmission Systems (FACTS) refer to power-
electronics-based devices developed to enhance power flow control,
voltage regulation, and reactive power management in transmission and
distribution networks. FACTS devices are considered key enablers for
improving grid flexibility, particularly in systems with high renewable
energy penetration.
Among the most widely used FACTS devices are the Static Var
Compensator (SVC) and the Static Synchronous Compensator
(STATCOM). SVCs are based on thyristor-controlled reactors and
capacitor banks, whereas STATCOMs rely on voltage-source inverter
technology, offering faster and more precise reactive power control
capabilities (IEEE PES, 2020).
From the perspective of renewable energy integration, the primary
contributions of FACTS devices include:

e Mitigation of voltage fluctuations

e Provision of reactive power balance

e Enhancement of power transfer capability

e Extension of system stability margins
In regions with a high concentration of wind power plants, devices such
as STATCOMs and SVCs improve system reliability by providing
voltage support during rapid generation changes. In addition, FACTS

devices enable more efficient utilization of existing transmission lines,
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thereby contributing to the deferral of costly new transmission

investments (CIGRE, 2019).

7.3 Flexibility in Renewable Energy Integration

Flexibility has become one of the most critical concepts determining
the success of renewable energy integration in modern power systems.
Flexibility refers to the ability of a power system to respond rapidly and
effectively to generation—load imbalances, sudden disturbances, and
uncertainties.

In conventional power systems, flexibility has largely been provided by
the load-following capability of conventional generation units.
However, this mechanism becomes insufficient in renewable-
dominated systems. In this context, ESS, FACTS devices, demand-side
participation, and advanced control strategies are jointly utilized to
enhance system flexibility (IEA, 2023).

Energy storage systems support flexibility by providing frequency
regulation and power balancing over short time scales, while FACTS
devices contribute through voltage regulation and reactive power
control. When deployed together, these technologies enable more
effective management of the variability associated with renewable
energy sources.

Enhancing system flexibility is not only a technical necessity but also
an economic and environmental imperative. In systems with
insufficient flexibility, renewable energy curtailment becomes
unavoidable, whereas adequate flexibility allows a higher share of clean

energy to be securely integrated into the grid.

49



7.4 Operational and Planning Impacts

The widespread deployment of energy storage and enabling
technologies has fundamentally transformed power system operation
and planning approaches. While traditional planning methodologies
focused primarily on generation capacity and transmission
infrastructure, modern power systems increasingly consider the
location and capacity of flexibility resources as critical planning
parameters.

From an operational perspective, ESS and FACTS devices provide
system operators with a broader range of control actions. Real-time
control capabilities enable faster and more effective responses during
emergency scenarios. However, this also increases operational
complexity and intensifies the need for advanced monitoring and
decision-support systems (Sustainability, 2022).

From a planning standpoint, investments in ESS and FACTS
technologies must be evaluated alongside transmission expansion and
new generation projects. Strategically located storage or FACTS
installations can defer or even eliminate the need for high-cost
infrastructure investments (Applied Energy, 2020).

Consequently, operation and planning in modern power systems are no
longer independent processes; instead, they must be addressed through

an integrated and holistic framework.
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8. TECHNICAL-ECONOMIC ASSESSMENT AND
SYSTEM PLANNING

Renewable energy integration represents not only a technical
transformation but also a process that fundamentally reshapes the
economic structure and planning philosophy of power systems. The
variable nature of resources such as wind and solar energy requires
investment decisions to be based not solely on installed capacity and
energy output, but also on system flexibility, transmission
infrastructure, operational costs, and long-term risks.

In traditional power system planning, generation investments have
largely been evaluated based on fuel costs, capacity factors, and demand
projections. However, this approach becomes insufficient in modern
power systems. In systems with high renewable energy penetration,
technical and economic dimensions are increasingly inseparable, and
system planning has evolved into a multidisciplinary optimization
problem (IEA, 2023; Applied Energy, 2020).

This chapter explains the key concepts commonly used in techno-
economic assessment, including LCOE, CAPEX, and OPEX; examines
the economic impacts of renewable energy integration; analyzes
transmission losses and optimization issues; and provides an

engineering-oriented perspective for decision-makers.

8.1 Concepts of LCOE, CAPEX, and OPEX
One of'the most frequently used indicators in techno-economic analyses
is the Levelized Cost of Energy (LCOE). LCOE represents the unit cost

of energy produced by a power generation facility, calculated as the
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ratio of the total lifetime costs to the total energy generated over the
plant’s operational life. This metric provides a practical tool for
comparing different generation technologies (IEA, 2022).
The LCOE calculation primarily consists of three main cost
components:

e CAPEX (Capital Expenditure): Initial investment costs

e OPEX (Operational Expenditure): Operation and

maintenance costs

¢ Financing costs and discount rates
In renewable energy projects, CAPEX is typically high, while OPEX
remains relatively low. In particular, the near-zero fuel cost of wind and
solar energy makes these technologies economically attractive over the
long term. However, the limitations of relying solely on LCOE become
more evident in systems with high renewable penetration.
While LCOE calculations are generally performed at the plant level,
system-level costs—such as transmission investments, flexibility
requirements, energy storage, and reserve capacity—are not directly
reflected in these assessments. As a result, the true system costs
associated with renewable energy investments may be underestimated
when LCOE is used as the sole decision-making criterion (Applied

Energy, 2020).

8.2 Economic Impacts of Renewable Energy Integration
The economic impacts of renewable energy integration are not limited

solely to generation costs. These impacts encompass a wide range of
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factors, including electricity market prices, transmission investments,
system operation costs, and flexibility requirements.

In systems with high renewable energy penetration, the reduction in
marginal generation costs leads to downward pressure on electricity
market prices. While this may appear advantageous for consumers in
the short term, it can undermine the long-term economic viability of
flexible and backup capacity investments (IEA, 2023).

Moreover, renewable energy power plants are often located far from
load centers, which necessitates additional investments in transmission
infrastructure. These investments are not directly reflected in plant-
level costs, yet they impose a significant economic burden at the system
level. Economic assessments that neglect transmission investments may
therefore lead to misleading conclusions for decision-makers (ENTSO-
E, 2022).

Another important economic consequence of renewable energy
integration is generation curtailment. The inability to absorb produced
clean energy due to insufficient transmission capacity or lack of system
flexibility results in both economic losses and deviations from
environmental targets. Consequently, modern planning approaches
must evaluate all system-level economic impacts of renewable energy

integration in an integrated manner.
8.3 Transmission Losses and Optimization

Transmission losses are unavoidable technical losses that occur during

the transfer of electrical energy from generation sites to consumption
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points. Renewable energy integration can significantly influence both
the spatial distribution and the overall magnitude of these losses.
The remote location of large-scale wind and solar power plants reshapes
power flow patterns and can lead to congestion in specific transmission
corridors. This situation may increase losses and reduce overall system
efficiency (Applied Energy, 2020).
Optimization strategies aimed at reducing transmission losses include:

e Balancing generation and consumption locations

e Reinforcing transmission infrastructure

e Deploying HVDC and FACTS technologies

e Strategically positioning energy storage systems
In particular, HVDC interconnections offer substantial advantages in
reducing losses over long-distance transmission and enabling more
effective power flow control.
In modern power systems, transmission loss optimization is not solely
a technical challenge but also an economic optimization problem.
Reducing losses lowers generation costs and enhances overall system
efficiency. For this reason, loss analysis has become an integral

component of techno-economic assessments.

8.4 Engineering Perspective for Decision-Makers

Decisions related to renewable energy investments can no longer be
based solely on engineering calculations or economic indicators.
Technical complexity, market uncertainties, and long-term risks

necessitate a holistic perspective for effective decision-making.
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From an engineering standpoint, robust decision-making processes
should include:

e System-level technical analyses

e Scenario-based economic evaluations

e Consideration of flexibility and stability requirements

e Assessment of long-term operational risks
This approach prioritizes long-term system sustainability over short-
term cost advantages. Particularly in systems with high renewable
energy penetration, balanced and flexible solutions should be favored
over low-cost options that pose systemic risks (IEA, 2023).
One of the most critical takeaways for decision-makers is the
recognition that renewable energy integration is not merely a power
plant investment, but a system-wide transformation. Successfully
managing this transformation depends on the coherent and integrated

treatment of technical and economic analyses.

9. FUTURE POWER SYSTEMS

Electrical power systems are undergoing a historic transformation
driven by the accelerating integration of renewable energy sources. This
transformation is not limited to the improvement of existing
technologies; rather, it entails fundamental changes in how power
systems are designed, operated, and controlled. While traditional power
systems have been dominated by synchronous generators, they are
increasingly being replaced by inverter-dominated grid architectures.
As a result, future power systems are becoming more digital, more

predictive, and more autonomous in nature.
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This section examines the key technological and conceptual trends
shaping future power systems. Grid-forming inverters, digital twin
approaches, artificial intelligence—assisted grid operation, and
emerging trends in energy systems are discussed as defining elements

in the evolution of modern power systems.

9.1 Grid-Forming Inverters

One of the most fundamental challenges encountered in power systems
with high renewable energy penetration is the lack of sufficient
synchronous generators to establish and maintain system frequency and
voltage references. This challenge has exposed the limitations of
conventional grid-following inverter approaches in inverter-dominated
grid structures. In this context, grid-forming inverters have emerged as
a critical technology for future power systems.

Grid-forming inverters are designed to operate without relying on an
existing grid voltage or frequency reference; instead, they actively
establish these references themselves. By emulating the dynamic
behavior of synchronous generators, grid-forming inverters provide
system inertia, frequency response, and voltage regulation through
software-based control algorithms (Lasseter, 2011; IEEE PES, 2020).
This approach offers significant advantages, particularly in islanded
operation, microgrids, and scenarios where systems operate without
synchronous generators. Through the deployment of grid-forming
inverters, renewable energy sources transition from being passive
energy providers to active components that contribute directly to system

stability.
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Nevertheless, the widespread adoption of grid-forming inverters
requires careful consideration of control coordination, standardization,
and system-level interactions. The concurrent operation of multiple
grid-forming inverters within the same power system may introduce
new instability mechanisms if control strategies are improperly
designed or inadequately coordinated. Therefore, while the grid-
forming paradigm holds substantial promise for future power systems,
it must be regarded as a domain that demands rigorous engineering

design and comprehensive system-level analysis.

9.2 Digital Twins and Advanced Monitoring

Future power systems are increasingly managed not only through
physical infrastructures but also through their digital representations.
The concept of a digital twin refers to the creation of a digital replica of
a physical system that is continuously updated using real-time data.
This approach opens new horizons for the monitoring, analysis, and
optimization of power systems.

By integrating real-time measurements, historical data, and advanced
simulation models, digital twins enable a deeper understanding of
system behavior under both normal and abnormal operating conditions.
This capability supports predictive analysis, early fault detection, and
proactive decision-making, thereby enhancing system reliability and
operational efficiency.

For future power systems, an integrated operational framework based
on digital twins and artificial intelligence provides a powerful

foundation for advanced monitoring, forecasting, and control. A
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conceptual illustration of such an integrated digital twin and Al-based

operational framework for future power systems is presented in Figure

3.

Digital Twin and Analytics Layer
« Digital twin of the power system
« State estimation and system modeling

* Scenario analysis and risk assessment

Decision and Intelligence Layer % Physical Power System

* Artificial Intelligence / Machine Learning’ > « Transmission and distribution networks
= Forecasting and optimization algorithms = Wind, PV, ESS, HVDC, FACTS

* Preventive and corrective control actions <:| + Real-time measurements (SCADA, PMU)

Figure 3. Digital twin and Al-assisted architecture for future power

system operation

Digital twin technologies are capable of representing the real-time state
of power systems with high accuracy by utilizing data obtained from
sensors, SCADA systems, Phasor Measurement Units (PMUs), and
advanced communication infrastructures. Through this capability,
system operators are not only able to monitor current operating
conditions, but also to test potential scenarios in advance and anticipate
emerging risks (CIGRE, 2021).

Advanced monitoring systems are of critical importance, particularly in
power grids characterized by high renewable energy penetration and
complex power flow patterns. Issues such as voltage fluctuations,
frequency oscillations, and harmonic amplification can be detected at

an early stage through digital twins, enabling the implementation of
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preventive and corrective measures before they escalate into system-
wide problems.

The digital twin approach shifts power system operation from a reactive
paradigm toward a proactive and predictive operational model. This
transformation plays a fundamental role in enhancing reliability and

flexibility in future power systems.

9.3 Artificial Intelligence—Assisted Grid Operation

The increasing complexity of power systems has revealed the
limitations of conventional deterministic operation and control
methods. Variable generation, inherent uncertainties, and multi-
dimensional optimization problems make the adoption of data-driven
and learning-based systems increasingly inevitable. In this context,
Artificial Intelligence (Al) and Machine Learning (ML) techniques are
expected to play a significant role in the operation of future power grids.
Al-assisted approaches are widely applied in renewable generation
forecasting, fault detection, state estimation, and decision-support
systems. Owing to their ability to learn from large datasets, Al-based
systems can provide more flexible and adaptive solutions compared to
classical model-based approaches (Applied Energy, 2021).

For instance, in wind and solar power generation forecasting, deep
learning—based models can significantly reduce uncertainty by jointly
processing meteorological data and historical production records.
Similarly, in fault detection and classification processes, Al algorithms
are capable of analyzing system events more rapidly and accurately,

enabling faster response and improved operational reliability.
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However, the integration of artificial intelligence into grid operation
also introduces new challenges related to transparency, reliability, and
cybersecurity. For this reason, Al-based solutions should be regarded as
complementary tools that augment classical engineering principles,

rather than fully autonomous and unsupervised control systems.

9.4 Emerging Trends in Energy Systems

Future power systems are being shaped not by isolated technological
advancements, but by the simultaneous influence of multiple
converging trends. Among these trends, distributed generation,
microgrids, multi-terminal HVDC architectures, sector coupling, and
carbon neutrality targets stand out as key drivers of transformation.
Microgrids enhance system flexibility and improve the reliability of
critical loads by enabling the local balancing of generation and
consumption. Multi-terminal HVDC (MTDC) systems, on the other
hand, offer new opportunities for intercontinental power exchange and
the large-scale integration of renewable energy hubs (ENTSO-E, 2022).
In addition, the integration of the electricity, heating, and transportation
sectors necessitates a holistic approach to energy system planning and
operation. Electric vehicles, heat pumps, and hydrogen-based
technologies are increasingly regarded as both flexible loads and
potential sources of system flexibility in future power systems.

The common denominator of these trends is the transition of power
systems from static and closed structures toward dynamic, data-driven,

and multi-actor systems. Successfully managing this transformation
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requires the combined application of sound engineering expertise and

strategic system-level planning.

10. CONCLUSIONS AND OVERALL ASSESSMENT

This book has examined the structural transformation of electric power
systems under the rapidly increasing integration of renewable energy
sources from technical, economic, and operational perspectives. The
growing dominance of inverter-based generation technologies, such as
wind and solar power, is invalidating many classical assumptions of
conventional power systems and necessitating the adoption of new
engineering paradigms. In this context, each chapter of the book has
aimed to present the challenges faced by modern power systems and the
corresponding solution frameworks through a holistic and system-
oriented approach.

Traditional power systems have historically been built upon high-
inertia synchronous generators, strong short-circuit levels, and
relatively predictable generation profiles. However, with the increasing
penetration of renewable energy sources, system behavior has become
progressively more dependent on power-electronics-based control
mechanisms. This transformation does not merely represent a change in
technical parameters; it also requires a fundamental redefinition of

system planning, operation, and decision-making processes.

10.1 Key Insights from the Technical Transformation
The technical analyses presented throughout the book clearly

demonstrate that inverter-dominated grid structures exhibit
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qualitatively different behavior compared to conventional power
systems. Frequency and voltage stability are no longer governed solely
by the inherent physical responses of rotating machines, but are
increasingly shaped by software-based control algorithms. This shift
highlights the evolution of power systems from a “hardware-centric”
architecture toward a “control- and software-centric” paradigm.
In high renewable penetration systems, factors such as:

e the reduction of mechanical inertia,

e the decrease in short-circuit strength, and

e the increase in control interactions
render system stability more sensitive and inherently fragile.
Consequently, grid-forming inverters, advanced control strategies,
energy storage systems, and FACTS devices should no longer be
regarded as auxiliary or supplementary solutions, but rather as
fundamental building blocks of modern power systems.
Moreover, HVDC technologies are emerging not only as long-distance
transmission solutions, but also as active control instruments that
support overall system stability. VSC-HVDC and MMC-HVDC
architectures play a critical role in providing the flexibility and

controllability required by inverter-dominated grids.

10.2 Integrated Consideration of Power Quality and System
Stability

One of the key conclusions of this study is that power quality and
system stability can no longer be treated as independent concepts.

Power quality phenomena such as harmonics, voltage fluctuations, and
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flicker can directly evolve into stability-related issues in power systems
with high renewable energy penetration.
Although standards such as IEEE 519 and IEC 61000 provide an
essential framework for power quality assessment, compliance with
these standards alone does not guarantee secure system operation.
Particularly under weak grid conditions, harmonic interactions and
control-related resonances may dominate system behavior beyond the
limits defined by standard threshold values.
Therefore, in modern power systems:

e power quality analyses,

e dynamic stability studies, and

e control coordination
must be evaluated jointly and in an integrated manner. Unless filter
solutions, inverter control strategies, and grid impedance characteristics
are addressed at the system level, locally optimized solutions may

inadvertently lead to new system-wide problems.

10.3 Assessment from Technical-Economic and Operational
Perspectives

The evaluation of renewable energy integration cannot be reduced
solely to plant-level indicators such as LCOE, CAPEX, and OPEX. As
emphasized throughout this book, the actual costs emerge at the system
level. Transmission infrastructure investments, flexibility requirements,
energy storage solutions, and operational risks constitute integral

components of renewable energy integration.
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In systems with high renewable penetration, economic efficiency is
directly linked to technical adequacy. Insufficient flexibility or
improper planning may result in increased curtailment, higher
operational costs, and reduced investment efficiency. This reality
clearly demonstrates that technical and economic analyses can no
longer be conducted independently.

From an operational perspective, the role of system operators is
becoming increasingly active and foresight-driven. Real-time
monitoring, advanced forecasting techniques, and decision-support
systems have become indispensable tools for ensuring the secure

operation of modern power systems.

10.4 Future Outlook and Strategic Implications

Future power systems will require not only higher levels of renewable
energy integration, but also more digital, intelligent, and flexible system
architectures. Grid-forming inverters, digital twins, and artificial
intelligence—supported operational approaches stand out as the
fundamental building blocks of this transformation.

However, the successful deployment of these technologies must be
achieved without compromising the core principles of engineering
discipline. Data-driven and autonomous systems should be developed
in alignment with transparency, reliability, and auditability
requirements. Otherwise, technological advancement may introduce
new risks to system reliability.

For decision-makers, the most important strategic takeaway is the

recognition that renewable energy integration represents not a
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“technology selection,” but a comprehensive “system transformation.”
Managing this transformation successfully requires a holistic approach
in which technical analysis, economic evaluation, and long-term

planning are jointly addressed.

10.5 Overall Evaluation

This book has addressed the technical and economic challenges
encountered by modern power systems during the renewable energy
integration process from an engineering-oriented and application-
driven perspective. The topics discussed aim not only to provide an
academic framework, but also to offer practical guidance for field
applications, system operation, and decision-making processes.

The secure, sustainable, and cost-effective operation of renewable-
energy-dominated power systems is achievable only through flexible
and holistic engineering solutions that extend beyond classical
approaches. In this context, the analyses and evaluations presented in
this book are intended to serve as a guiding reference for engineers,
researchers, and decision-makers working in the field of modern power

systems.
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