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Abstract: With the increasing integration of renewable energy sources such as wind and
solar power, the regulation requirements of power systems have become more dynamic and
complex. This paper provides a comprehensive review of multi-temporal scale regulation
requirements and explores the application of diverse flexible resources across different
time scales. The regulation demands are categorized into short, medium, and long-term
scales, each presenting unique challenges that need to be addressed for efficient power
system operation. Existing studies primarily focus on the adjustment of a single time scale,
often overlooking the interplay between multiple time scales. This paper critically analyzes
the limitations of previous approaches and demonstrates the need for more holistic and
flexible solutions. The research results show that integrating diverse, flexible resources,
including energy storage systems (ESS) and demand response (DR), can effectively meet
regulation needs across various time scales. Additionally, the paper identifies the potential
of hydrogen-based solutions to address emerging challenges in power system regulation.
The findings highlight the importance of combining multiple flexible resources to improve
system resilience and sustainability, offering a pathway toward more efficient and adaptable
power systems.

Keywords: flexible resources; multi-temporal scales; renewable resources; renewable
energy integration; application case; hydrogen energy

1. Introduction

As global climate change becomes an increasingly pressing issue, countries around
the world have set ambitious emission reduction targets and identified accelerating the
transformation of energy structures as a core strategy for achieving sustainable devel-
opment. This transformation is essential to meet the goals of reducing greenhouse gas
emissions and ensuring energy security while transitioning to more sustainable energy sys-
tems. The development of renewable energy sources, particularly wind and photovoltaic
(PV) power, plays a critical role in reducing carbon emissions and achieving low-carbon
objectives. Many countries are advancing rapidly in the deployment of renewable energy
technologies, with increasing global investments in wind and PV power [1]. These efforts
are expected to drive substantial changes in energy systems worldwide, contributing to the
global transition to a more sustainable and resilient energy future [2].

Despite the remarkable achievements in the rapid development of renewable energy,
the increasing share of wind and PV generation presents unprecedented challenges for the
stability and flexibility of the power system [3]. The inherent variability and intermittency
of wind and PV power result in high uncertainty in their electricity output. This variability
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is influenced not only by weather and seasonal changes but also by sudden climatic
events (such as thunderstorms and heavy snow) [4,5]. Meanwhile, traditional coal-fired
power plants, which play a stabilizing role in the grid, have limited flexibility and poor
responsiveness. Although they contribute to grid stability, their ability to adjust output
quickly is insufficient, particularly in power systems with a high share of renewable
energy. Relying on such conventional power sources for grid regulation is no longer
adequate to meet the flexibility, reliability, and efficiency demands of modern power
systems. The pressure on power systems is especially acute during extreme weather events
and emergencies, where maintaining supply security, ensuring economic operation, and
protecting the environment become increasingly difficult [6].

Therefore, ensuring the stable operation of the power system, particularly through
effective regulation across multiple time scales, has become a critical issue in both research
and practice within modern power systems. Historically, power system dispatching largely
relied on traditional regulation methods, such as the startup and shutdown of coal-fired
units and load adjustments. However, as the share of renewable energy continues to
grow, the complexity of power dispatch has increased significantly, and single regulation
strategies are no longer sufficient to meet the growing demand. To ensure the security
and stability of the power system, flexible and diversified regulation approaches must be
adopted. These approaches include, but are not limited to, power storage technologies,
demand response, distributed generation, virtual power plants, and other innovative
technologies and management strategies.

In this context, the optimized integration of flexible resources has become crucial
to enhancing the regulation capacity of power systems. Flexible resources include, but
are not limited to, energy storage devices (such as pumped hydro storage and battery
storage), demand response (which balances supply and demand by adjusting consumer
load), distributed energy sources (such as distributed PV generation), and new regulation
technologies (such as hydrogen energy and gas turbines). These flexible resources can
provide regulation capacity across different time scales [7]: on short time scales, rapid-
response systems such as battery storage and demand response can address instantaneous
supply-demand imbalances; on medium time scales, distributed generation and medium-
scale storage technologies play key roles in supplementing fluctuations in renewable
energy generation; and on long time scales, large-scale storage solutions, such as hydrogen
energy storage or pumped hydro storage, may be used to balance seasonal and annual
supply-demand disparities [8,9].

Given these challenges and requirements, this review aims to systematically summa-
rize recent advances in the application of flexible resources across multiple time scales,
exploring optimized strategies for their integration and utilization. Specifically, this paper
will focus on the following aspects:

Section 2 analyzes the regulation requirements of power systems in short-, medium-,
and long-term. Short-term regulation primarily focuses on addressing instantaneous
supply-demand imbalances, such as rapid responses from battery storage systems and
demand response measures. Medium-term regulation addresses the need to supplement
fluctuations in load and renewable energy generation over longer periods, with distributed
generation and medium-scale storage technologies playing an important role. Long-term
regulation, on the other hand, focuses on how large-scale storage technologies (such as
hydrogen energy and large-scale pumped hydro storage) can balance seasonal and annual
variations in supply and demand.

Section 3 provides a detailed overview of various types of flexible resources and
their characteristics. This section categorizes flexible resources from the supply side,
demand side, and storage side, analyzing the advantages, limitations, and applicable
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scenarios of each type of resource. Special attention is given to advancements in energy
storage technologies, considering their potential in balancing the volatility of renewable
energy generation.

In Section 4, the future development trends of flexible resources are discussed. With
continuous technological advancements and the gradual reform of energy markets, hy-
drogen energy, as an emerging long-duration storage technology, has become a research
hotspot. Hydrogen energy not only enables large-scale, long-term storage but also holds
potential for cross-sector applications, particularly in transportation and industry. These
applications could provide crucial support for the flexible regulation of power systems.

Section 5 concludes the paper by highlighting the future regulation needs of power
systems in the context of high shares of renewable energy. The chapter also provides an
outlook on the future development directions of power dispatch technologies. With the
continuous development of technologies, flexible resources will increasingly be integrated
into power grid management systems, offering opportunities to address global climate
change and drive energy transition. Figure 1 is the logical block diagram of this paper.

Identify regulation
needs
|
v v +
Short-term Medium-term Long-term
regulation measures regulation measures regulation measures
k
I I I |
Source Grid Load Storage

Single applications Hybrid applications

1

Performance evaluation

Figure 1. The logical block diagram of this paper.

2. Analysis of Regulation Requirements Based on Temporal Scales

In the operation of power systems, regulation requirements are heavily influenced
by the temporal characteristics of various disturbances, generation patterns, and demand
behaviors. The temporal scales of these influences determine the type and nature of
the flexibility required to maintain system stability and reliability. Therefore, analyzing
the regulation needs from the perspective of temporal scales [10] is crucial for effectively
leveraging diverse flexible resources. In this chapter, we discuss the regulation requirements
of power systems based on different temporal scales, ranging from real-time balancing
to long-term planning. We categorize the temporal scales into three main categories:
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instantaneous and short-term (real-time and seconds-to-minutes), medium-term (day-
ahead to intra-day), and long-term (seasonal to annual considerations) [11,12].

2.1. Instantaneous and Short-Term Scale

At the instantaneous and short-term scale, the power system faces various challenges
related to its dynamic response to sudden disturbances or fluctuations in load. These
issues are primarily driven by the system’s inertia, frequency stability, voltage regulation,
and other dynamic characteristics [13,14]. As renewable energy sources with low or no
inertia are increasingly integrated into the grid, the system’s ability to respond to rapid
disturbances becomes even more critical.

System inertia is one of the serious problems faced by systems on a short time scale. In
traditional power systems, the inertia provided by synchronous generators helps mitigate
frequency fluctuations following sudden changes in load or generation. However, as the
share of renewable energy sources such as wind and solar power increases, which inherently
lack inertia, the system’s ability to stabilize frequency following sudden disturbances
diminishes [15]. This leads to a situation where frequency deviations are larger and faster,
potentially surpassing the limits for system stability. Inertia deficiencies are characterized
by rapid frequency drops or spikes immediately following disturbances, which may fail to
be controlled by the system’s existing regulation mechanisms. Due to the lack of inertia,
large-scale failures are more likely to occur when interference occurs, which greatly affects
the stability of power systems [16].

Frequency stability is another concern. Frequency deviations are typically caused by
imbalances between generation and consumption, particularly during sudden fluctuations
in load or the loss of a generator. When such imbalances occur, the frequency may shift
abruptly, often requiring immediate corrective actions. The primary characteristic of this
issue is the rapid frequency change that can happen within seconds of a disturbance, which
may be further exacerbated by the absence of sufficient backup resources or an inadequate
response from the system. The consequence of unresolved frequency instability is severe:
prolonged deviations in frequency can trigger protection mechanisms, disconnect parts of
the grid, and disrupt electricity supply, leading to operational interruptions and, in extreme
cases, widespread power outages.

Voltage stability is another concern on the short-term scale, particularly during rapid
load changes or generation losses. Voltage fluctuations are typically seen as a direct conse-
quence of imbalances in the power system, especially when reactive power reserves are
insufficient to stabilize the system. The primary feature of voltage instability is the rapid
change in voltage levels, which may dip or surge in response to load variations or faults.
If these fluctuations are not addressed promptly, they can cause equipment malfunctions,
tripping of protective devices, or even a complete voltage collapse. Voltage instability may
lead to a large disruption of production activities, resulting in substantial losses.

In the short-term, the power angle, or phase angle between various parts of the grid,
also affects the system stability. This causes loss of synchronization of generators if the
power angle can jump with sudden changes in generation or load. This is a problem when
disturbances lead to a large imbalance in power generation and consumption in different
regions of the grid [17]. The characteristic of this problem is oscillatory misalignment
of the system’s synchronized generators. Left uncorrected, the power angle deviation
can lead to oscillations that are threatening to the grid stability as a whole, possibly
culminating in the separation of parts of the grid and cascading failures that could end up
in a widespread blackout.

Short-term regulation problems are also due to the ramp rate limitations of generation
units. Ramp rate refers to the rate at which a generator can respond to the sudden changes
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in demand or generation, i.e., the speed of response. Traditional generators have slow ramp
rates, however, which prevents them from responding quickly enough to keep pace with
the needs of the system during its rapid fluctuations. It is described by the inability to ramp
generation output quickly enough to match the supply and demand. This can lead to a
loss of system balance and possibly make the system unstable if not addressed. A lack of
sufficient ramp rate capacity means supply cannot be balanced efficiently with demand
(which can throw frequency or voltage stability off or even result in outages in the event
the system cannot offset such rapid load or generation changes).

2.2. Medium-Term Scale

In the medium-term, in addition to the problems of inertia, frequency, and voltage
stability that exist in the short-term, the power system also faces challenges such as the
scheduling, reserve capacity, and demand pattern change of the generator set.

When considering the problems on a medium time scale, the coordination of power
generation resources and the management of power generation scheduling should be
paid attention to first. Due to the deviation of load prediction and the uncertainty of
power generation (especially renewable energy, such as solar energy and wind energy,
which are susceptible to weather conditions and have randomness and volatility) [18], the
actual power generation deviates from the forecast, and the imbalance between supply
and demand leads to a series of serious problems such as frequency fluctuations of the
power system. Therefore, the power system needs to carry out reasonable planning and
scheduling to make the generation level meet the expected demand.

In addition, in order to cope with the inevitable fluctuations in generation and load,
the power system needs to maintain a sufficient level of reserve capacity to handle possible
supply and demand deviations. The challenge is to make the reserve capacity flexible
enough to adapt to changing load and generation patterns. When the reserve capacity is
insufficient, if the power generation is reduced or the load increases abruptly, the load may
be cut off, and the stability of the power system will be affected. However, if the reserve
capacity is over-allocated, the economy will be greatly reduced. Therefore, balancing
stability and economic benefits is a key consideration in the medium-term [19-21].

Medium-term generation adjustment to variable demand profiles is also limited by the
ramp rates of classical generation units. Wherein the short-term concerns the instantaneous
response of power plants, medium-term challenges involve those same plants’ ability
to throttle their output up or down over the course of hours or even days. Fossil-fuel
and nuclear plants, in particular, are often designed to provide steady output levels and
have physical and operational limitations on their responsiveness in adjusting output
rapidly. The limitations on ramp rates add a layer of complexity to times of high demand or
periods of variable renewables generation due to changes in weather conditions. This push
of generation to avoid overproduction by the traditional fleet becomes more expensive
and more challenging on longer time horizons, stressing the flexibility of the traditional
fleet [22,23]. Specifically, a lack of ramp rate flexibility makes it difficult for the system
to follow the shape of the demand curve, leading to either periods of under- or over-
generation, either of which can compromise system stability and efficiency.

Furthermore, medium-term voltage stability remains an important issue, especially in
areas where renewable energy production is very dense. As the share of variable renewable
energy increases, it becomes more difficult for the system to maintain voltage stability over
long time periods. Wind and solar power generation can vary significantly throughout the
day, and if not managed properly, this variability can result in voltage fluctuations that
affect the system’s overall stability. The characteristic of this problem is the gradual but
sustained deviation in voltage levels due to changing generation patterns, which may not
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be immediately noticeable but can lead to cumulative issues if left unaddressed. The conse-
quence of poor voltage regulation over the medium-term is that it can lead to equipment
damage, reduced power quality, and, in some cases, operational failure of voltage-sensitive
devices such as industrial equipment and consumer electronics. Long-term voltage instabil-
ity can also complicate the operation of the transmission and distribution networks, leading
to a decrease in grid reliability.

Finally, the minimum output levels of certain generation units can become more
restrictive over the medium-term. For instance, some thermal power plants cannot operate
efficiently at very low load levels and may be forced to remain online even when their
output is not required. This results in inefficient fuel use and increased overall operating
costs. The characteristic of this issue is the inability of certain generation types to decrease
their output in a flexible manner, especially during low-demand periods or when renewable
generation exceeds expectations [24-26]. The consequence of this inflexibility is that the
system may be forced to keep inefficient plants running, leading to higher fuel consumption,
increased emissions, and greater operational costs.

2.3. Long-Term Scale

On long-term timescales, unlike in the short and medium to long-term, power systems
face a broader set of challenges, such as the planning and integration of new generation
units, adapting to changing demand patterns, how to ensure power quality, and so on. The
short- and medium- and long-term scales consider the real-time matching of supply and
demand, while the long-term scales consider how to ensure the safety and reliability of the
power system over a longer period of time, usually decades.

Capacity planning and integration of new generation resources, particularly in systems
of high renewable penetration, is a significant challenge at the long-term scale. Careful
planning is needed for infrastructure replacement and to adapt to ever-changing demand
forecasts and the integration of low-carbon energy sources. When long-term forecasts
based on underlying demand and generation are either erroneous or too optimistic, an
undersupply or oversupply of capacity can result, and the challenge arises. This issue
has the unique characteristic of the inherent uncertainty in forecasting future load growth,
technological development, and availability of new energy resources (e.g., nuclear power,
carbon capture, or large-scale energy storage systems). The unfortunate outcome of poorly
planned capacity is that the system can experience the blasts of over-generating or under-
generating, both of which put stress on the stability of the grid. If over-generated, this
would waste energy, while if under-generated, it would cause a potential supply deficit,
which could lead to reliability problems, and even the system may need to rely on fossil
fuel-based peaking plants, thus increasing operational costs and emissions [27].

The evolving flexibility of the system to long-term variations in energy generation and
consumption is another challenge. Given the ever-increasing contribution of renewable
energy sources such as wind and solar to new generation capacity, the system’s flexibility
will need to be reevaluated. The performances of the subsequent system relied more heavily
on traditional power plants that provided much of the system’s flexibility in the past, which
are now being retired or repurposed [28-31]. This shift in generation mix creates a limit
on the system’s ability to adjust to longer-run changes to load or generation, especially in
those areas with high variability in renewable generation. The characteristic of this issue is
the mismatch between the gradual but sustained increase in renewable generation and the
system’s reduced ability to quickly adapt to these changes. The consequence of insufficient
flexibility is that the system may experience difficulties in meeting demand during periods
of low renewable generation, leading to reliability concerns. In extreme cases, the system
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may be forced to rely on backup generation from fossil-fuel plants, which are typically less
efficient and more costly.

Furthermore, at the long-term scale, the system faces the challenge of accommodating
shifts in demand patterns due to demographic and economic changes. As populations grow
and urbanize, electricity consumption patterns change, with some regions experiencing
increased demand while others see a decline. Additionally, technological advancements
in electric vehicles (EVs), heating, and industrial processes are expected to further impact
demand forecasts. The challenge here is that the system must be prepared to accommodate
these shifts in demand over long periods, which requires accurate long-term forecasting and
the ability to adjust capacity and operational strategies accordingly. The characteristic of this
problem is the difficulty in predicting future demand with high accuracy, given the many
factors that influence consumption patterns, including changes in population, technology,
and economic conditions [32-34]. The consequence of inaccurate demand forecasting is
that the system may either overestimate or underestimate future needs, leading to either
insufficient generation capacity or inefficient overbuilding of infrastructure.

In addition, we have, on the long-term scale, the power quality problem and issues
such as harmonics, voltage flicker, and other power perturbations that can degrade sensi-
tive plants and industrial processes. Issues with power quality over short durations (e.g.,
to the extent of spikes in load or generation) may be experienced transiently due to sudden
changes in load or generation [35-37], while longer-term power quality considerations
tend to be driven by cumulative effects of changes to the generation mix, including in-
creasing penetration of inverter-based resources such as solar panels and wind turbines.
However, over time, these resources can cause harmonic distortion, voltage flicker, or other
disturbances that will degrade power quality. This characteristic of an issue is the gradual
accumulation of power quality disturbances that are not immediately visible but have
severe long-term impacts on equipment performance and system reliability. Poor power
quality is a consequence that can cause equipment damage, decrease operation efficiency,
and increase maintenance costs of the industries that rely on a stable and clean power
supply [38,39].

Table 1 summarizes the power system regulation requirements at different time scales.
Since the power system has different adjustment needs at different time scales, it is difficult
to meet its reliability and stability needs by relying on a single energy source and adjustment
means, and a variety of flexible resources are required to participate in the adjustment. The
following will briefly introduce the multiple flexible resources.

Table 1. The power system regulation requirements at different time scales.

Time Scale Regulation Requirements Challenges
System dynamic response to sudden  System inertia is low due to high
Instantaneous and  disturbances, frequency stability, renewable penetration, frequency
Short-Term voltage regulation, power angle and voltage fluctuations, and
stability, inertia ramp rate limitations.

Deviation in load prediction and
volatility in renewable generation,
ramp rate limitations of
traditional generation.

Scheduling and reserve capacity
Medium-Term management, generation and load
uncertainty, demand pattern changes

Capacity planning, integration of new  Forecasting errors, uncertainty in
generation resources, demand shifts,  energy resource availability,
adaptation to changing mismatched generation, and load
demand patterns over the long-term.

Long-Term
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3. Overview of Diverse Flexible Resources

Various assets that have the capacity to offer dynamic regulation and maintain balance
between supply and demand in the power system are called flexible resources [40—42].
Thermal power and pumped storage hydropower stations have historically been the (main)
flexible resources in power systems. With the development of new technologies, emerging
examples in renewable energy, energy storage, and improvements in demand response
mechanisms are increasingly necessary—more diverse systems of flexible resources span-
ning generation, the grid, load, and storage [43—46]. Meeting the real-time balance of
supply with demand and ensuring the secure and stable operation of modern power sys-
tems requires access to a diverse set of flexible resources. Figure 2 shows the composition
of flexible resources.

Generation
Heat
Distribution X
\ A
S 7
i /
y %
. / Sector G
Transmission < ————| coupling | a5
y
_4
\\___/,«’ \\\
/'/ s -
it
Storage EVs
Demand-Side
Management

Figure 2. Flexible resource composition.

3.1. Classification of Flexible Resources
3.1.1. Supply-Side Flexible Resources

e  Flexible Fossil Fuel Power Plants

Traditionally inflexible but upgradeable, thermal power plants can be made more
flexible by improving their ramping capabilities and responsiveness [47-49]. First of all, as
mentioned above, these are primarily driven by the requirement for quick power output
adjustments to adapt to variable renewable generation or sudden demand spikes [50].
Through modifications in control systems, combustion technologies, and boiler-turbine
operation, these plants can transition from base-load generators to flexible resources that
offer rapid load-following, frequency regulation, and reserve power [51,52].

Flexibility improvements in fossil fuel plants focus on optimizing control systems,
adapting turbines and boilers for faster load changes, and incorporating thermal storage.
These upgrades allow plants to adjust their output more quickly without compromising
efficiency [53]. The integration of advanced control systems and the use of more responsive
turbine and combustion technologies enable faster ramping and load-following capabili-
ties [54]. The principle of flexible thermal power operation involves adjusting the output
power by modifying the operational set points, such as temperature and pressure, within
the constraints of the plant’s design [55-57]. The key technical challenges include main-
taining efficiency while rapidly adjusting the output, as well as minimizing wear and tear
on the equipment. This is typically achieved through operating range extension, where
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operators adjust the combustion process to ensure optimal operation within a wider range
of load [58,59]. The output power Py as a function of the load L can be modeled as [60].

Pthermﬂl = Pmax‘f(L)lf(L) € [Of 1} (1)

where P4y is the maximum power output of the thermal plant, and f(L) is a function
representing the load sensitivity to operational parameters (e.g., fuel consumption, com-
bustion stability).

Upgrading existing fossil fuel power plants to improve their flexibility is often a more
cost-effective solution compared to constructing new flexible generation units. This is
because the capital costs associated with upgrades are typically lower, as they make use
of the existing infrastructure. This approach reduces the need for large-scale investments,
which can be a significant financial burden. Common upgrades include enhancing control
systems, improving combustion technologies, and integrating thermal storage. The cost-
effectiveness of these improvements can be assessed through lifecycle cost analysis, which
weighs the initial investment against long-term operational savings and additional revenue
streams, such as those generated from grid services such as frequency regulation.

However, while upgrading fossil fuel plants can enhance their operational flexibility,
it may have some impact on overall efficiency. Frequent cycling and load-following opera-
tions can lead to increased wear and tear, which may slightly reduce efficiency. Despite
this, advanced control systems and optimized combustion technologies can minimize these
efficiency losses. Moreover, integrating thermal storage can help mitigate fluctuations in
power output, reducing the negative impact on plant efficiency and helping to maintain
relatively high operational performance.

When comparing the costs of upgrading existing plants to investing in alternative
flexible resources, such as renewable energy with storage, upgrades to fossil fuel plants
tend to be more affordable in the short-term. Renewable energy systems, while offering
lower operational costs, require substantial initial investments. In this context, upgrading
fossil fuel plants presents a quicker and more financially viable option to increase flexibility.
However, looking ahead, long-term investments in renewable energy might provide even
greater benefits, especially as storage technology continues to decrease in cost and policy
incentives for clean energy increase.

e  Hydropower Resources

Among the most flexible and reliable regulation resources in modern power systems
are hydropower resources, in particular pumped storage. Hydropower can store and release
energy rapidly, responding instantly to grid condition variations. The major advantage of
hydropower plants, especially pumped storage plants, lies in their ability to store water as
potential energy in elevated water reservoirs and release it when needed [61,62]. Given
their ability to meet demand within minutes of the act, they have wide application for
balancing supply and demand, frequency regulation, and providing spinning reserves.
Output flexibility is enabled by their capacity to rapidly adjust output to accommodate
grid fluctuations, thus serving as a dynamic resource for grid stabilization.

Flexibility of hydropower resources is due to the possibility to change the mechanical
power input on a time scale matching the change of water level in a reservoir by variation
of water flow in turbines. Pumped storage plants store a little extra energy by pumping
water to a higher reservoir, making them a stopgap function. The water is released through
turbines to generate electricity, providing fast, strong, and reversible power adjustments
as demand increases [63]. This process enables hydropower plants to provide rapid
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responses and essential grid services. The energy output P4, of a hydropower plant can
be represented as [64]:
Ppygro =1m-p-8-Q-H )

where 7 is the efficiency of the turbine, p is the water density, g is the gravitational accel-
eration, Q is the volumetric flow rate of water, H is the effective head (height difference).
Hydropower plants are able to adjust power output rapidly (by adjusting Q or H) with
large control amplitudes to provide essential grid stabilization services and profitable
electricity auctions [65,66].

e  Nuclear Power Resources

Nuclear power plants have high reliability and can provide stable, consistent power.
Nuclear plants operated traditionally as base-load generators; however, recent advances in
nuclear designs and control systems as well as electronics have enabled more dynamic out-
put. Nuclear plants with load-following capabilities are a means of a nuclear contribution
to balancing supply and demand in high renewable energy penetration systems [67].

By further improving operational control and load-following of nuclear power, flex-
ibility is achieved. SMRs, other advanced nuclear reactors, are designed for enhanced
flexibility of operation and operated to respond dynamically to changes in grid demand.
The improvements in reactor design, along with more responsive turbine and cooling
systems, enable better control over power output [68,69], allowing nuclear plants to assist
with grid balancing. Nuclear power plants generally use control rods and coolant flow
adjustments to modulate reactor output. The principle of operation involves a nonlinear
relationship between reactor power output Py, e, and the control variables such as control
rod position x and coolant flow rate F,,,;. The response of the reactor to these inputs can be
approximated as [70]:

Pnuclear = Pbase : (1 - X) : f(Fcool) (3)

where Py, is the base power output, and f(F,,,) describes the impact of coolant flow
adjustments on reactor efficiency. As reactors are further developed for flexible operation,
the ramp rates are expected to improve and enable faster adjustments to output levels.

Although nuclear power has traditionally been considered a stable and inflexible
source of generation, recent advancements have demonstrated that nuclear plants can, in
fact, provide significant flexibility in meeting power system regulation needs. For example,
in France, where nuclear power accounts for approximately 70% of the country’s electricity,
nuclear reactors can adjust their output rapidly. French reactors can reduce their output
from 100% to 20% twice a day, within less than 30 min, to accommodate fluctuations in
electricity demand and support grid stability [71].

This ability to provide flexible generation is particularly important during periods of
high renewable energy penetration, where the variability of wind and solar power requires
backup from flexible generation sources. In addition to daily operational flexibility, it is
estimated that during the summer months, at least 10 nuclear reactors must be switched on
and off every day to meet peak demand and fluctuations in the grid [72].

The flexibility of nuclear plants is not only beneficial for grid balancing but also
plays a key role in maintaining energy security, especially in systems with high shares of
intermittent renewable energy. However, further development and optimization of nuclear
reactor operations are needed to improve the speed and efficiency of these transitions
between full output and partial load. Efforts such as these are critical for ensuring the
continued relevance of nuclear power in modern, decarbonized energy systems [73].

Nuclear power resources can support grid regulation in the following ways:

Load Following: Modern nuclear reactors, with improved control systems, can adjust
their output to follow variations in demand, complementing variable renewable generation.
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Grid Stabilization: Nuclear power provides a stable and reliable source of electricity,
especially when renewable generation is low, helping to maintain grid stability.

Reduced Carbon Emissions: Nuclear power contributes to grid decarbonization by
providing a large amount of low-carbon, reliable energy, making it an important resource
in transitioning to a sustainable energy future.

3.1.2. Grid-Side Flexible Resources

Grid-side flexible resources are typically limited in diversity but require higher tech-
nical specifications. Flexibility can be enhanced through mechanisms such as grid inter-
connections, microgrids, and flexible transmission technologies. Grid interconnections
facilitate the ability of neighboring regions to fulfill power demand by harnessing surplus
generation when local resources are fully utilized, thereby capitalizing on regional dis-
parities in electricity consumption and promoting the sharing of flexible resources across
areas. Flexible transmission technologies improve the controllability of voltage and power
flows without altering grid structures. Additionally, microgrids can function as intelligent,
adaptable loads, responding within seconds to the system’s flexibility needs [74].

Grid-side flexibility can be mathematically described by the concept of power flow
optimization in a network. The power flow equation on a grid is given by [75]:

Pjj = ViV;(Gijeos (6ij) + Byjsin (6;7) ) @

where P;; is the power flow between nodes i and j. V; and V; are the voltage magnitudes at
nodes i and j. G;; and B;; are the conductance and susceptance between the nodes. ¢;; is the
phase angle difference between the nodes.

Through advanced grid interconnections and flexible transmission technologies, the
grid operator can optimize the power flow and enhance system stability under fluctuat-
ing demand.

3.1.3. Storage-Side Flexible Resources

Energy storage functions as a highly flexible and rapid-response resource, effectively
mitigating load fluctuations and substantially improving the integration of renewable
energy by operating in tandem with renewable energy generation systems. Existing energy
storage technologies encompass battery storage, pumped-storage hydropower, flywheel
storage, compressed air storage, and hydrogen storage [76]. Studies have shown that the
primary frequency regulation efficiency of energy storage is 1.4 times that of hydropower
units, 2.2 times that of gas-fired units, and 24 times that of coal-fired units. Storage systems
are adaptive because they can store excess energy when demand is low and release it when
needed [77]. This makes them ideal for balancing intermittent renewable generation and
ensuring grid stability. They provide critical services such as frequency regulation, load
following, and spinning reserves.

Compared to other flexible resources, they have distinct advantages and disadvantages.

In terms of capital costs, energy storage systems, particularly large-scale electrochemi-
cal storage and hydrogen infrastructure, often require significant upfront investment. This
is in contrast to coal-fired units and gas plants, which typically have moderate capital
costs, especially if existing plants can be retrofitted for flexibility. Pumped hydro storage
and dispatchable hydropower also demand high initial investment due to infrastructure
requirements and environmental considerations. Demand response, on the other hand,
has relatively low capital costs, as it mainly involves integrating control systems and
incentivizing consumer participation.

When it comes to operating costs, energy storage technologies such as electrochem-
ical storage and hydrogen storage generally have moderate costs, primarily related to
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maintenance and, in the case of hydrogen, fuel production. In comparison, coal and gas
plants incur high operating costs due to fuel consumption and ongoing maintenance needs.
Dispatchable hydropower and pumped hydro storage have relatively low operating costs,
with no fuel costs, but require maintenance. Demand response tends to have the low-
est operating costs, though this can vary depending on program design and technology
requirements for system integration.

Regarding transmission costs, energy storage offers advantages by being deployable
closer to demand centers, reducing the need for new transmission infrastructure. This
contrasts with coal and gas plants, which can incur moderate transmission costs depending
on their location. Dispatchable hydropower and pumped hydro storage, if located far
from load centers, may face higher transmission costs due to the need for long-distance
electricity transport. Demand response can reduce transmission costs by shifting demand
and decreasing the need for new generation or infrastructure.

Energy storage can be modeled as a state of charge (SOC) control system, where the
charge/discharge operation of the storage device follows a dynamic equation [78]:

Pstomge - At

SOC(t) = SOC(t—1) + )

Cstomge
where SOC(t) is the state of charge at time ¢, Pstorage is the power input or output to/from
the storage, Cstorage is the storage capacity, At is the time step for operation.

In recent developments, hydrogen storage has gained attention as an effective solution
for large-scale and long-duration energy storage. Notably, green hydrogen, produced via
electrolysis powered by renewable sources such as wind and solar, offers a sustainable and
carbon-free storage option. Similarly, pink hydrogen, which is produced using nuclear
power for electrolysis, provides another low-carbon alternative. Both green and pink
hydrogen technologies are increasingly recognized for their potential in addressing energy
storage challenges, especially for balancing intermittent renewable energy sources over
long periods.

Additionally, NEOM city, a major development project in Saudi Arabia, is planning
to integrate hydrogen into its energy infrastructure alongside solar and wind power for
power generation. This ambitious initiative highlights the growing role of hydrogen in
the future energy mix, particularly as a means to ensure energy security and support the
decarbonization of power generation [79].

3.1.4. Demand-Side Flexible Resources

These reactors can work with reduced output at zero safety and efficiency effects. The
ability to adjust electricity consumption in response to grid signals is called demand-side
flexible resources, and it is a cost-effective means to supply and demand balance. Flexible
resources on the demand side include adjustable loads, EVs and user-side energy storage
systems that are usually smaller and more decentralized “prosumers”. When renewable
generation is variable, these resources can greatly assist in maintaining grid regulation by
reducing or shifting demand to improve grid operation [80,81]. Demand-side resources are
flexible because they demand, on short notice, to consume or release load commensurate
to changing grid needs. This flexibility can be used to slacken peak demand, reduce
stresses on the grid during times of peak consumption, and maintain supply and demand
balance without additional generation. Demand response programs give consumers the
opportunity to either reduce or defer energy use and are an important tool for grid stability
and cost saving.
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Aggregated demand response strategies, in which a set of small-scale resources are
treated as a single controllable entity, can manage demand-side flexibility. The aggregated
load Ppgq can be modeled as [82]:

N
Pagg = Zpi(t) (6)
i=1

Pi(t) = fi(Di(t)) (7)

where P;(t) represents the demand of individual loads and D;(#) represents the control
signal applied to the load. Through aggregation and smart communication systems,
this model allows for coordinated adjustments to reduce peak demand and maintain
grid stability.

3.2. Comparative Characteristics of Flexible Resources

Table 2 compares the characteristics of different types of flexible resources. In different
time scales, power systems have different adjustment requirements, so it is necessary to
make reasonable planning according to the characteristics of different resources [83-86].

Table 2. Comparison of flexible resource characteristics.

Relative

Relative

Type I(g;):rztional g:&\ping %ﬁi—Up Regulation Timescale Capital Operational {{élstéve
8 Cost Cost
Normal
coal-fired 50-100% 1-2% 6-10h Short/Medium/Long Medium Medium Medium
unit
Retrofitted
coal-fired 30-100% 3-6% 4-5h Short/Medium Medium Medium Medium
Supply unit
Gas plant 20-100% 8% 2h Short/Medium Medium Medium Medium
}]? ispatchable 0-100% 20% <lh Short/Medium/Long Medium Low Low
ydropower
Nucl o o : . . . .
P(;lvsgar 20-100% 1-5% 30 min Short/Medium/Long Very High ~ Medium High
Load gir;(?r?s% 3-5% Instantaneous  Instantaneous Short Very Low Very Low ngz
Pumped
hydro —100-100% 10-50% <0.1h Short/Medium/Long High Low Low
storage
Energy
storage Electrochemical
energy —100-100% 100% <0.1h Short Medium Medium Medium
storage
Hydrogen 10-110% <0.8% <50 min Medium/Long Very High ~ Medium High

4. Application of Diverse Flexible Resources Across Different

Time Scales

The effective integration of flexible resources in power systems is essential for main-
taining grid stability across different time scales. This section analyzes how diverse, flexible
resources are applied to meet the regulation needs at instantaneous, medium, and long-
term time scales. Additionally, the application of single and hybrid regulation methods is
discussed, focusing on their effectiveness in addressing varying system demands [87,88].

4.1. Instantaneous and Short-Term Applications

The instantaneous and short-term regulation needs of power systems, such as fre-
quency stabilization, voltage control, and power quality maintenance, are critical for ensur-
ing grid reliability and resilience. These needs can be met using a combination of single
regulation methods and hybrid approaches that integrate different flexible resources [89].
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4.1.1. Single Regulation Methods for Instantaneous and Short-Term Needs

At the instantaneous and short-term time scale, the primary goal is to address rapid
fluctuations in power generation and demand [90,91], which may result from sudden
changes in load or renewable generation. Single regulation methods are particularly effec-
tive when a rapid, isolated response is required [92,93].

e  Frequency Regulation

Frequency regulation is a key challenge, especially in systems with high penetration
of variable renewable energy sources. Battery Energy Storage Systems (BESS) have proven
effective in providing rapid frequency regulation. A notable example is the use of BESS in
the California Independent System Operator (CAISO) grid. During periods of frequency
deviation caused by sudden drops in renewable generation, lithium-ion batteries have
been used to inject power within milliseconds, stabilizing the system frequency. The Tesla
Hornsdale Power Reserve in South Australia is another example, where the large-scale
battery system has been deployed to provide frequency regulation services, responding
in seconds to sudden fluctuations [94]. Smart grid technologies, particularly Advanced
Metering Infrastructure (AMI) and Demand Side Management (DSM), play a comple-
mentary role in frequency regulation. AMI provides real-time monitoring of load and
generation data, enabling grid operators to detect frequency deviations promptly and
coordinate responses more effectively. DSM programs, when integrated with AMI, can
reduce non-critical loads almost instantaneously, providing additional flexibility to stabilize
frequency during high-stress periods.

e  Voltage Stability

Maintaining voltage stability is crucial during short-term load fluctuations or gen-
eration imbalances. Pumped hydro storage (PHS) has been widely used to address this
need. In Norway, the Sima pumped storage plant provides rapid voltage support to the
Nordic grid. When there is a sudden drop in voltage, the plant can release stored water
to generate power within seconds, supporting the grid’s voltage stability [95]. Similarly,
pumped hydro plants in the Swiss Alps provide reactive power and voltage support,
especially during peak demand periods [96]. Distribution Automation (DA) systems in
smart grids enhance voltage stability by dynamically reconfiguring distribution networks
and providing automated control of reactive power devices. For instance, DA can redirect
power flows or engage reactive power compensators in milliseconds, ensuring voltage
levels remain stable even during significant short-term fluctuations.

e  Power Quality Maintenance

Maintaining power quality, especially in terms of voltage sags, surges, and harmonics,
is a crucial aspect of grid stability. BESS have proven to be highly effective for mitigating
power quality issues, particularly in systems with high penetration of renewable energy
sources. BESS can quickly feed, or take, power to help balance out voltage spikes driven
by instantaneous changes in generation or load [97]. Smart grids utilize AMI and DA to
proactively address power quality challenges. AMI continuously monitors voltage profiles
across the grid, enabling early detection of sags, surges, or harmonics. Meanwhile, DA
systems can deploy automated voltage regulators or engage flexible resources such as BESS
to mitigate quality issues before they impact end-users.

Hornsdale Power Reserve, one of the biggest lithium-ion battery installations in the
world, is used to balance scales for the grid in South Australia. When there are rapid
fluctuations in renewable generation (e.g., wind or solar), the system can either absorb
excess energy and provide power to the grid to ensure that the voltage levels will remain
stable or there will be a conservation of power to reduce the chance of issues such as power
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quality, such as voltage dips or harmonics. Maintaining a reliable power supply is crucial,
especially when renewable energy sources are intermittent, and this is a much-needed
capability. Likewise, in the United States, BESS are being integrated into power quality
maintenance as performed by CAISO. BESS can provide fast response compensation for
sudden generation losses or demand spikes to balance the power imbalances such that
voltage levels can be stabilized and the overall power quality improved. BEI’s ability to
respond almost instantaneously to these fluctuations makes it a perfect solution for grid
stability and minimizing damage to the power quality [98].

4.1.2. Hybrid Regulation Methods for Instantaneous and Short-Term Needs

e  Frequency Regulation with Demand Response and Batteries

It can be shown that combining battery storage and demand response (DR) can provide
effective frequency regulation over both short and slightly longer time scales. In the NYISO
region, a mix of BESS and DR has been put in place for grid stability. When things pan out
dry at the immediate time of high demand or sudden frequency spikes, the BESS injects the
power into the grid to restore frequency [99]. DR programs can also be triggered to reduce
consumption from nonessential loads at the same time, balancing supply and demand over
a longer period of time. This hybrid approach has played an important role in increasing
grid resilience and efficiency during peak periods.

e  Voltage Support with Pumped Hydro Storage and Wind Power

A hybrid method that combines BESS and PHS is implemented in Norway to address
short-term voltage stability challenges. BESK can inject active power to sustain voltage
stability in real-time; PHS offers reactive power support in milliseconds. BESS systems
and the Sima pumped storage plant together provide total voltage support for the grid
in critical situations. The hybrid approach takes advantage of both of these resources to
provide fast, reliable reactive and active power, restoring voltage levels in response to
sudden grid disturbances [100,101].

e  Power Quality Maintenance with Gas Turbines and Batteries.

To address power quality needs during sudden changes in load or generation, the
combination of gas turbines and batteries has proven effective in real-world applications.
In Germany, the integration of batteries with gas-fired power plants has been employed to
stabilize grid frequency and voltage. By integrating it with battery storage, the Kraftwerk
Emsland gas plant can quickly tap into its power output to adjust to short-term fluctuations
in supply to preserve power quality at any given time [102]. When generation exceeds
demand, the batteries absorbing excess energy assist to keep voltage levels within range
and reduce power quality problems; conversely, when excess generation fails to match
demand, the batteries discharge to achieve some degree of balance.

For modern power systems, stability, and resilience in the face of instantaneous and
short-term regulation needs require the application of diverse flexible resources. However,
single regulation methods—like BESS, pumped hydro storage, and gas turbines—have
shown their ability to solve particular grid projects of challenges such as frequency reg-
ulation, voltage support, and power quality maintenance [103,104]. The combination of
multiple flexible resources (hybrid methods) provides much greater benefits with rapid
response and longer duration support. Examples in the real world from e.g., California,
South Australia, Norway, and Germany have shown the successful application of these
approaches to fulfill grid reliability requirements and to facilitate the introduction of re-
newable energy sources. With the way forward to a stable and sustainable power grid
increasingly becoming one of ‘flexible resources’, these resources will continue to provide a
significant contribution to global energy transition progress [105].
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4.2. Medium-Term Applications

The power system at the medium-term scale poses a distinct set of challenges with
regard to both generation scheduling and reserve capacity management and the ability
to adjust to variable generation and demand patterns [106]. These challenges can be met
with flexible resources that can run over time scales that exceed the time scales of forecasts
and accommodate forecast errors, lifetime constraints, and renewable energy sources.
The following sections outline the applications of diverse flexible resources in addressing
medium-term regulation needs, both through single and hybrid methods.

4.2.1. Single Regulation Methods for Medium-Term Needs

In the medium-term scale, typically ranging from minutes to hours, grid operators must
manage persistent imbalances and forecast errors. Single regulation methods at this scale aim
to smooth out renewable generation variability and mitigate load forecast deviations.

e  Generation Scheduling and Forecasting

One of the key challenges at the medium-term scale is managing generation scheduling,
especially when accounting for fluctuations in load and renewable generation. Hydropower
has been extensively used for this purpose due to its flexibility in adjusting output over
several hours or days. For example, the Grand Coulee Dam in the United States can
quickly ramp up or down its generation output to compensate for discrepancies between
forecasted and actual demand. When renewable generation such as wind or solar is
underperforming, hydropower can provide the necessary backup power, ensuring the
system remains balanced. By adjusting the water flow to the turbines, hydropower can
maintain grid stability while accommodating the variability of renewable sources [107].
AMI enhances medium-term generation scheduling by providing high-resolution data
on consumption trends and renewable generation patterns. These insights enable more
accurate forecasting and optimized resource allocation.

e  Reserve Capacity Management

Reserve capacity must be maintained at an adequate level so as to allow the system to
respond to intraday variations in generation or demand. Currently, medium-term needs
have been met by employing gas-fired power plants as a single resource in reserve capacity.
In other regions, such as Texas, peaking gas plants are often utilized to stabilize demand
peaks and/or generation shortfalls over several hours. These plants can start up relatively
quickly and produce the needed power when reserves are depleted and, if renewable
supply is insufficient. The ability to respond quickly to demand fluctuations guarantees the
system avoids the reliability risk of load shedding or emergency curtailing of demand [108].

e  Ramp Rate Adjustment

This is defined as ramp rate adjustment, the capability of power generation units to
change their output at a controlled, slow rate on a sustained basis, such as several hours or
indeed days [109]. In the medium-term scale, where variable renewable generation and
fluctuating demand exist, it is especially important to have this capability. As a regulation
method for ramp rate adjustment, gas-fired power plants are generally utilized as a single
regulation method.

Specifically, gas turbines—particularly those that incorporate combined cycles—have
been designed to be capable of providing fast and rapid ramping, making them ideally
suited to respond to medium-term variations in power demand. One example is when the
demand gradually grows during the day, or when there is a gap in renewable generation
resulting from changes in weather that can be easily balanced over hours by changing
the output of gas turbines on the grid. The ability of gas turbines to ramp up or down
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with relatively short response times (on the order of minutes to hours) allows the system
operator to respond to changes in a more flexible and efficient manner. In regions with high
reliance on intermittent renewable resources, such as wind and solar power, gas-fired plants
provide a stable base generation that can respond to variability in renewable generation.
For instance, when wind power drops due to a shift in wind patterns, gas turbines can
quickly adjust their output to meet the demand, ensuring a stable power supply. In this
way, gas turbines fulfill the role of a single regulation resource to compensate for renewable
generation gaps and to smooth out the fluctuations in load over medium-term periods.

Additionally, BESS are also used as a single regulation method in some applications.
While primarily suited for short-term adjustments, advancements in BESS technology have
allowed for their deployment to address medium-term fluctuations in demand. The surplus
energy generated during off-peak periods or very high renewable output or discharge
occurs when the remover demand rises or the renewable generation declines. BESS,
aside from being responsible for the more immediate fluctuation, are becoming part of
medium-term strategies as part of a single regulation method to ensure constant power
availability [110].

e  Voltage Stability

Voltage stability over the medium-term is a critical concern in power systems, which
face significant integration of intermittent renewable energy sources. The unstable nature of
these resources means that up and down can result in gradual deviations in voltage levels,
and if not managed, this deviation could aggravate initial instability of the grid [111,112].

BESS is a commonly applied single regulation method to restore voltage stability
using voltage as the master regulation variable. In periods of high renewable generation,
BESS can absorb excess energy and discharge power when demand increases or generation
drops. BESS provides both active and reactive power support, but over the medium-
term, they stabilize voltage. This is important because these systems can quickly and
efficiently change the voltage level so that you get smooth operation even when renewable
generation is variable. BESS are strategically placed in high solar and wind penetration
regions at key grid locations to supply voltage regulation where fluctuations in renewable
generation occur [113]. When solar or wind generation is not at the level forecasted, the
BESS can draw stored energy from the grid, supplying reactive power to maintain voltage
stability (for example) to compensate for disruption. However, when generation outpaces
demand, excess power is absorbed by the system, which attempts to prevent over-voltage
conditions. DA enhances voltage stability by automating the control of reactive power
devices and enabling real-time reconfiguration of distribution networks, ensuring smooth
voltage profiles during medium-term fluctuations.

e  Minimum Output Flexibility

The need for generation units to operate efficiently during low-demand periods is
another challenge. Coal-fired power plants often face inefficiencies when their output
is reduced to very low levels. To address this, demand-side management (DSM) has
been implemented in several regions, such as California, where industrial consumers are
incentivized to adjust their consumption during low-demand periods. By using DSM
techniques, the grid can avoid keeping inefficient coal plants running unnecessarily, thus
saving fuel and reducing emissions [114]. Additionally, during low-demand hours, BESS
can be used to absorb excess energy from renewable sources, helping to maintain grid
stability without relying on less efficient generation.
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4.2.2. Hybrid Regulation Methods for Medium-Term Needs

Hybrid approaches at the medium-term scale combine the flexibility of multiple
resources to provide a more robust response to varying grid conditions.

e  Generation Scheduling and Forecasting with Batteries and Hydropower

A hybrid approach combining BESS and hydropower has been successfully deployed
in regions with significant renewable generation. BESS is integrated with combustion
or nuclear power plants in Norway to tackle medium-term generation scheduling and
forecasting issues. Batteries help fill the gap between wind and solar generation supplies
and the power the grid expects, enabling them to power the grid until hydropower plants
can step in and adjust their output. To ensure that the grid remains stable regardless of the
unpredictable generation of renewable energy, this combination allows for a reliable "back
up’ for forecast errors [115].

e  Reserve Capacity with Gas and Storage Systems

The hybrid combination of gas-firing power plants and battery storage systems is
used for effective reserve management over medium time scales. This hybrid system
manages reserve capacity in the United Kingdom both in the short-term, and in the medium-
term. Batteries serve as a more flexible reserve storage for gradual changes to demand or
generation (and with increased power output rating and fast charging times than seen in
wide market energy storage, could serve as a source of quick response reserve to sudden
volatility), and gas plants provide quick response reserve to meet sudden volatility spikes.
The hybrid method guarantees that the system is still responsive to rapid as well as gradual
changes in supply and demand and thus considerably curbs the use of emergency measures:
load shedding [116].

e  Ramp Rate Flexibility with Gas and Storage

In order to adjust generation levels gradually, hybridization with BESS can be used to
pair gas-fired power plants and reduce ramp rate limitations of conventional generation
units. This hybrid approach provides a promising pathway to balance intermittent renew-
able generation, such as wind and solar, with classical thermal generation. It is particularly
relevant for regions with high renewable energy penetration, such as California and South
Australia, where ensuring system flexibility and reliability remains a priority [117]. BESS
can store excess renewable generation and discharge power when needed, while gas plants
can ramp out at a slower rate with changes in demand. This method combines the hybrid
method and retains the smoothness of the system when the demand curve is followed, so
that the system is not under-generated or over-generated for the medium-term period [118].

e  Voltage Stability with Wind, Storage, and Stabilizing Devices

In this case, we consider combining wind generators, battery storage, and voltage
stabilizing devices (SVCs) to form a hybrid approach for medium-term voltage stability.
Offshore wind farms off Denmark are combined with SVCs and BESS for voltage stability
as the wind speed fluctuates. The wind farms provide power, while BESS take excess
generation (or supply backup power when generation drops) [119]. SVCs ensure that
reactive power support is available to stabilize voltage, mitigating the risks associated with
high renewable penetration. This combination of resources addresses both the variability
of wind generation and the need for stable voltage over longer periods.

e  Minimum Output Flexibility with Storage and Demand Response

To address the inflexibility of certain generation units, such as coal-fired power plants,
hybrid solutions involving storage systems and DR are used. In California, BESS are
employed to absorb excess energy during low-demand periods, allowing coal plants to
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reduce their output while maintaining grid stability. Simultaneously, DR programs are
used to shift industrial loads to times of higher generation or lower demand. This hybrid
approach helps avoid inefficiencies in coal plant operation and reduces the overall carbon
footprint of the system.

The medium-term regulation needs of the power system, including generation schedul-
ing, reserve capacity management, ramp rate flexibility, and voltage stability, require a
combination of single and hybrid flexible resources. By integrating resources such as
hydropower, gas plants, batteries, and demand response, power systems can adapt to
forecast discrepancies, variable generation, and changing demand patterns. These flexible
resources not only enhance grid reliability but also facilitate the integration of renewable
energy sources, ensuring that the system operates efficiently and effectively over longer
time scales [120,121].

4.3. Long-Term Applications
4.3.1. Single Regulation Methods for Long-Term Needs

e  Capacity Planning and Integration of New Generation Resources

One of the key constraints concerns capacity planning and guaranteeing smooth
connection of new resources, particularly in systems with a high renewable energy frac-
tion [122]. BESS has provided a very important resource in solving these issues. BESS can
offer large-scale energy storage, which can help mitigate the fluctuations in generation
from intermittent renewable sources (such as wind and solar) and further improve the
flexibility of the power system. For example, large-scale BESS installations are used to store
excess renewable energy when generation is high and release it when needed during peaks
of demand in California [123]. By preventing overgeneration and further dependency on
inefficient fossil fuel plants, these systems aid in making the system work. Integrating BESS
with the grid has the effect of enabling utilities to perform better at balancing generation
with forecasts of demand since obvious under/over-generation problems are less likely. As
the amount of renewable energy increases over time, the capacity planning of the system
will depend more on BESS to keep the system reliable and efficient. AMI complements
long-term capacity planning by providing utilities with detailed, high-resolution data
on load trends and generation patterns. This information enables better forecasting and
infrastructure development, ensuring the smooth integration of new generation resources.

e  Evolving Flexibility of the System

DR programs have become a necessary component to provide flexibility to the grid
over longer-spanning periods as renewable energy sources such as wind and solar continue
to grow. They help utilities manage their loads by rewarding consumers for lowering, or
shifting, their electricity consumption when energy is not being produced locally or when
the system is strained. For instance, in Denmark, adding DR to renewable output from
wind and solar balances generation periods of low renewables. DR programs are activated
when wind stops blowing or solar generation drops to decrease residential and industrial
consumption and thus reduce the need for backup generation from less efficient fossil-fuel
plants [124]. By alleviating the mismatch between the fluctuation of renewable generation
and the grid capacity to respond, this approach provides system flexibility and stability
over long periods. DSM, supported by AMI systems, enhances DR program efficiency
by enabling real-time load monitoring and automated responses to renewable generation
fluctuations, ensuring smoother operation during long-term renewable energy integration.

e  Shifts in Demand Patterns

The hot conditions of climate change also necessitate flexible resources that can adapt
to new patterns of consumption that arise as a result of demographic and technological
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trends. EVs provide a large potential to balance demand shifts. As more consumers
switch to EVs, there will be a shift in the demand for electricity during peak charging
periods over time. The rollout of smart charging infrastructure for EVs is used for demand-
side management in the Netherlands. Figure 3 shows the electric vehicle management
model under the smart grid. Smart grids make it possible to charge EVs when renewable
energy is high and during off-peak hours [125]. It offloads stress on the grid during peak
demand periods and reduces reliance on peaking plants based on fossil fuel. With smart
charging solutions for EVs, dynamic changes of demand can be integrated into the grid to
facilitate long-term variation of power system consumption [126]. DA systems in smart
grids support the integration of EVs by dynamically optimizing charging schedules and
coordinating with renewable energy availability, ensuring grid reliability while reducing
peak demand stress.

Charging commands

Smart charging operator
Data
Charging
commands Requirents of
EV Owner
Data
Charging
commands Data

LA 4

Figure 3. Electric vehicle management model under smart grid.

In terms of electric vehicle components, electric batteries represent the most expensive
and critical elements. The high cost and limited lifespan of EV batteries are key challenges
that impact the overall sustainability of electric vehicles. Recent advancements in machine
learning techniques offer promising solutions for optimizing battery characteristics during
exploitation. By analyzing real-time data, machine learning algorithms can predict the opti-
mal charging and discharging cycles, thereby enhancing battery efficiency, and extending
its lifespan [127]. Additionally, predictive maintenance models, powered by machine learn-
ing, can forecast potential failures, and help optimize the maintenance schedule, reducing
the overall operational costs of electric vehicles. These technologies contribute significantly
to improving the sustainability of electric vehicles by minimizing resource wastage and
prolonging the effective use of batteries.

4.3.2. Hybrid Regulation Methods for Long-Term Needs

e  Capacity Planning and Integration of New Generation Resources

Capacity planning is enhanced by hybrid approaches that utilize multiple resources.
Take, for instance, PHS integration with BESS for long-term storage and flexible discharge
capabilities. PHS systems are used to store surplus renewable energy that is generated in
countries such as Norway from hydroelectric plants, while the BESS are used to smooth out
fluctuations and more quickly respond when necessary [128]. Together, these two systems
enable more efficient capacity planning in that the grid can rely on both long-duration
storage and short-term flexibility to maintain a power supply that is stable throughout the
increasing penetration of renewable energy.
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e  Shifts in Demand Patterns

DSM programs are often paired with distributed energy resources (DERs) such as
small-scale solar PV and local storage to accommodate long-term changes to demand.
This hybrid approach provides for more control of demand and generation at a local level.
For example, in Australia, a DER combined with smart meters and DSM was deployed
to minimize using electricity in the residential neighborhoods. This approach enables
the grid better to accommodate shifting demand profiles of urbanization and technology
advancement as well as the integration of new resources to support long-term reliability
and efficiency [129].

5. Future Development Directions

The focus of short-term energy storage and scheduling is on instantaneous fluctuations
and short-term imbalances in the power system. Within this area of research and application,
substantial progress has been made, particularly with technology on the lithium-ion battery
and supercapacitor platforms, but these systems are limited. The most notable issue is
the limited energy storage capacity [129,130]. These technologies excel at addressing brief
power imbalances on the scale of seconds or minutes, but they are unable to cope with
longer-term fluctuations. For instance, they find it difficult to deal with seasonal energy
demand and renewable generation changes. In addition, cycle life and degradation with
time (efficiency) remain challenges for many of these systems, especially in high-demand
scenarios. For example, lithium-ion batteries have a relatively short cycle life, relative to
the size of the deployment needed for grid-level applications. In addition, these systems
are able to quickly respond to variations in grid frequency, though they cannot address
imbalances or demand spikes lasting for hours, days, or longer. Another limitation is that
high-density, high-power technologies tend to carry significant cost per kWh, which means
they can be too expensive for more general, medium-scale energy storage needs.

Medium-term energy storage technologies, such as PHS and compressed air energy
storage (CAES), are typically used as means to balance supply and demand over a longer
duration, of the order of hours to days. Short-term systems have higher energy density
but also cannot compensate for fluctuations that occur between day and night or across
seasonal cycles as well. Nevertheless, there are limits associated with a great deal of ge-
ographic constraints [131]. For instance, the demand for topographical conditions such
as large elevation differences between two water reservoirs restricts the applicability of
PHS. The construction of such facilities is also associated with high upfront costs and is
characterized by long development times. CAES availability is also constrained by the
availability of suitable geological formations for trapping the compressed air. Both systems
also face significant environmental concerns. Pumped hydro storage, while effective at
balancing supply-demand variations, can disrupt local ecosystems and water resources.
CAES, on the other hand, faces concerns regarding air leakage, noise, and potential impacts
on local geology. Furthermore, both technologies require significant capital investment
for infrastructure, which raises concerns about their economic feasibility in areas where
renewable energy capacity is rapidly growing. While they are useful for daily fluctua-
tions, their inability to store energy over longer periods (such as seasonal variations) is a
major drawback.

Long-term energy storage technologies, which aim to address seasonal fluctuations in
renewable energy generation, face the most significant challenges. The demand for seasonal
storage, especially to balance the intermittent nature of wind and solar generation, requires
technologies that can store energy over periods of several months. Despite the potential of
pumped hydro storage to offer long-term storage, its capacity is limited by geographical
factors and the increasing costs associated with large-scale hydropower projects. The
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growing competition for water resources and concerns about environmental impacts have
made large new PHS projects less viable in many regions [132,133]. Other long-term storage
options, such as thermal energy storage or chemical batteries, are still in the early stages of
development and are plagued by technical and economic barriers. For instance, thermal
energy storage systems can suffer from high energy losses during storage, reducing their
overall efficiency. The thermal degradation of storage materials is another concern, as it
can lead to reduced performance over time. On the other hand, chemical batteries that
could provide long-duration storage, such as flow batteries or solid-state batteries, are
hindered by high costs, limited energy density, and shorter lifespans when compared to
other forms of energy storage. These systems are not yet capable of economically storing
large amounts of energy for long periods, making them impractical for addressing seasonal
supply-demand imbalances. The limitations of energy storage technologies across different
time scales are shown in Table 3.

Table 3. The limitations of energy storage technologies across different time scales.

Type Technologies/Systems Limitations
(1) Limited energy storage capacity,
_ Lithium-ion batteries, (2) Cannot handle long-term fluctuations,
Short-term Storage Supercapacitors (3) Short cycle life,
(4) High cost.
(1) Geographic limitations (e.g., PHS),
Medium-term Storage PHS, CAES (2) High infrastructure cost,

3) Environmental impact.

(1) Early-stage development,

(2) High energy losses, low efficiency,
(3) High cost, limited energy density,
(4) Short lifespan.

Thermal energy storage, Chemical
Long-term Storage batteries (e.g., flow batteries,
solid-state batteries)

In conclusion, while short-term, medium-term, and long-term energy storage systems
all play critical roles in ensuring grid stability and accommodating the increasing share
of renewable energy, each system has its own set of limitations. Short-term systems face
challenges due to their limited capacity, making it difficult to address longer-duration
imbalances. Medium-term technologies, on the other hand, are constrained by factors such
as geographic limitations, environmental impacts, and high capital costs. Long-term energy
storage solutions are still in the early stages of development and face major technical and
economic barriers, including efficiency losses, limited scalability, and high costs. These
challenges underscore the need for ongoing innovation and research to develop more
efficient, cost-effective, and scalable energy storage solutions that can meet the evolving
demands of modern power systems.

5.1. Short-Term

Short-term energy storage solutions such as lithium-ion batteries and supercapacitors
have already demonstrated their capability to address instantaneous power imbalances
on the order of seconds to minutes. However, as renewable energy generation continues
to increase, these systems face limitations in terms of energy density, cycle life, and cost.
Looking forward, there is a clear need for new materials and technologies to improve the
performance and reduce the cost of short-term storage systems.

Battery degradation is influenced by various factors, most notably temperature, hu-
midity, and cycling conditions. These factors can vary significantly across different geo-
graphical regions, leading to spatial differences in battery degradation rates. For instance,
regions with warmer or more humid climates tend to accelerate battery degradation, while
colder, drier climates may prolong battery lifespan. Furthermore, regional differences in
usage patterns, load profiles, and charging infrastructure can also impact the degradation
of batteries.
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Given these variations, it is crucial to account for spatial differences in battery degra-
dation when evaluating the economic viability of energy storage systems. Ignoring these
factors could lead to misleading conclusions, as the long-term economic performance of
energy storage systems is highly sensitive to the rate of battery degradation. For example,
a storage system deployed in a region with faster battery degradation may incur higher
operational and maintenance costs, which could reduce its overall cost-effectiveness.

To improve the accuracy of economic analyses, future studies could incorporate
regional degradation models that account for the specific environmental conditions and
usage profiles of different locations. This could involve integrating geographical data, such
as climate and local energy demands, with battery performance models to more precisely
predict degradation rates and their impact on the economic viability of storage systems. By
doing so, a more robust economic evaluation can be conducted, providing more tailored
insights into the feasibility of deploying energy storage solutions in diverse regions.

The development of solid-state batteries could be a game-changer for short-term
storage. By replacing the liquid electrolyte with a solid one, solid-state batteries offer higher
energy density, greater safety, and longer cycle life compared to traditional lithium-ion
batteries. Additionally, the integration of superconducting magnetic energy storage (SMES),
which can store energy in magnetic fields, may provide another promising solution for
addressing quick fluctuations while minimizing energy loss. Continued research in these
areas will likely make short-term energy storage more cost-effective and efficient, allowing
for their broader adoption in grid applications.

5.2. Medium-Term

Medium-term energy storage, such as PHS and CAES, has a proven track record in
addressing imbalances over periods of hours to days. However, these technologies are
geographically constrained, expensive to implement, and have environmental concerns.
In the future, innovations in flexible pumped hydro storage could offer more adaptive
solutions, such as integrating off-river pumped storage systems, which do not require
natural water reservoirs. This could overcome some of the geographical limitations and
reduce environmental impacts.

Additionally, advanced CAES technologies using innovative materials or designs
might address some of the challenges associated with traditional CAES systems, such
as air leakage and efficiency losses. As the need for longer-duration storage grows, new
materials and storage techniques, including liquid air energy storage (LAES), could offer
cost-effective, large-scale solutions for medium-term storage needs. These technologies
can serve as an intermediary for balancing daily and seasonal variations in renewable

energy supply.

5.3. Long-Term

In recent years, as the complexity of energy systems has increased, single-time-scale
energy storage and scheduling technologies have been insufficient to meet the demands of
future complex energy systems. Therefore, the integrated use of multi-time-scale energy
storage systems has become a trend. Future energy systems will need to combine various
flexible resources, such as battery storage, controllable loads, and hydrogen energy storage,
to optimize energy scheduling strategies across different time scales. By combining short-
, medium-, and long time-scale energy storage technologies, energy scheduling can be
optimized at different times, improving the overall resilience of the system. For example,
an integrated energy microgrid low-carbon optimization model based on lifecycle analysis
and multi-time-scale energy storage was proposed, achieving seasonal energy balance and
storage through multi-time-scale configurations.
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Despite the significant potential advantages of combining multi-time-scale energy
storage technologies, there are still many challenges in this field. First, optimizing the
collaborative operation of different time-scale technologies and achieving multi-time-scale
balance in energy scheduling is a key challenge. Second, the economic evaluation of multi-
time-scale systems and policy incentive mechanisms is still underdeveloped and needs
further exploration [134].

In this context, hydrogen energy has gradually become an ideal solution to address
long-term energy storage challenges. Hydrogen energy can store large amounts of electricity
through water electrolysis technology and can be applied across short, medium, and long
time scales to meet various needs. Research shows that hydrogen energy has significant
flexibility and potential in large-scale energy storage, cross-seasonal adjustment, and
integration with other energy technologies. With the advancement of hydrogen energy
technology, it is expected to become an important component of multi-time-scale energy
storage systems in the future, providing new solutions for the efficient utilization of
renewable energy. Currently, China is actively developing hydrogen energy, for example, by
using new energy-driven water electrolysis to produce hydrogen. The conversion between
electricity and hydrogen not only utilizes hydrogen’s fast power regulation advantages
but also reduces the instability of high-proportion renewable energy integration into the
grid. It also maximizes the economic potential of wind and photovoltaic-based hydrogen
production, which is crucial for improving renewable energy consumption.

5.3.1. Hydrogen Energy’s Application Prospects in Power Systems

Hydrogen energy has extremely broad application prospects in power systems, es-
pecially as a long-term energy storage solution to address the intermittent and seasonal
fluctuations of renewable energy generation. Wind and solar power, among other renew-
able energy sources, often face issues of fluctuating generation due to weather and seasonal
changes, leading to either oversupply or insufficient supply of electricity, causing discon-
tinuity in power availability [135]. Hydrogen energy can convert surplus electricity into
hydrogen gas through water electrolysis, and during periods of high energy demand or
insufficient generation, hydrogen can be converted back into electricity using fuel cells or
other technologies, creating a closed loop of “energy storage—release”. This characteristic
makes hydrogen energy an ideal solution for resolving seasonal energy supply-demand
imbalances. This flexibility provides greater regulation capacity for the power system,
especially in addressing long-term storage needs that traditional grids cannot meet. In
areas far from load centers or where infrastructure is weak, hydrogen storage systems can
be integrated with off-grid microgrids to support local energy storage and distribution,
greatly enhancing grid resilience and stability.

Furthermore, hydrogen energy storage is not just a power reserve but can also be
integrated with other energy systems. For example, hydrogen can serve as a “zero-carbon
peak-shaving” tool by coupling with natural gas grids, heating systems, and transportation
energy systems, promoting the deep decarbonization of the energy system. At the same
time, with the advancement of water electrolysis and fuel cell technologies, the production
and utilization costs of hydrogen will gradually decrease, accelerating its widespread
application in global power systems.

5.3.2. Development of Hydrogen Production and Storage Technologies

Significant progress has been made in hydrogen production and storage technologies
in recent years. Water electrolysis technology, especially renewable energy-driven electroly-
sis, is considered a key pathway for producing clean hydrogen energy. Currently, alkaline
electrolyzers and proton exchange membrane electrolyzers (PEM electrolyzers) are the
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main electrolysis technologies, and they have made substantial improvements in efficiency,
cost, and scalability.

Regarding hydrogen storage, the focus has been on hydrogen compression and lig-
uid hydrogen storage technologies. Compressed hydrogen storage involves pressurizing
hydrogen into high-pressure tanks, offering advantages such as low cost, low energy con-
sumption, and fast charging /discharging speed. However, it has lower hydrogen density
and poorer safety, making it more suitable for small-scale, short-to-medium-duration, and
short-distance hydrogen storage needs. Liquid hydrogen storage, on the other hand, stores
hydrogen by cooling it to —253 °C in liquid form. This method has higher hydrogen density
in terms of both mass and volume, but storage costs are higher, making it more suitable
for large-scale and long-term storage [136]. In recent years, both technologies have seen
improvements in materials, energy consumption, and safety, providing a foundation for
the widespread use of hydrogen in power systems.

5.3.3. Integration of Hydrogen Energy with Other Energy Systems

The integration of hydrogen energy with other renewable energy sources, such as wind
and solar power, holds significant potential for enhancing the overall stability of power
systems. By coupling with renewable energy systems, hydrogen energy can not only act as
an “energy storage” when there is excess electricity but also provide peak-shaving services
during electricity shortages, preventing the instability of renewable energy generation from
impacting the grid.

In future multi-energy complementary systems, hydrogen energy can work closely
with wind and solar power to build smart grid systems with a high proportion of renewable
energy. This integrated model can not only increase the utilization of renewable energy but
also reduce dependence on fossil fuels, driving the greening and decarbonization of power
systems. At the same time, by integrating hydrogen energy with other storage systems, the
flexibility and load management capabilities of the grid will be further enhanced, better
addressing the challenges brought about by the large-scale integration of renewable energy
into the grid.

6. Conclusions and Outlook

This paper reviews the multi-temporal scale regulation needs of power systems and
the optimization of diverse flexible resources. It systematically analyzes the characteristics
and applications of flexible resources across the supply, grid, storage, and demand sides,
covering instantaneous, short-term, medium-term, and long-term time scales. The scientific
justification of this research lies in its comprehensive approach to addressing the growing
need for flexibility in modern power systems, particularly as renewable energy sources
continue to increase their share in the energy mix.

Based on the current research and technological development trends, the following
conclusions and outlooks are drawn:

e Diverse Flexible Resources

As the penetration of renewable energy increases in power systems, the diversity and
regulation capability of flexible resources become critical to ensuring the stable operation
of the system. This research highlights the need for advancing the coordination and
integration of different flexible resources to improve the speed and accuracy of system
regulation. Such advancements are essential for maintaining grid stability and supporting
the transition to a more sustainable energy future.

e  Short-Term Flexibility
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Short-term flexible resources, such as lithium-ion battery storage and flywheel storage,
are crucial due to their fast response characteristics. The scientific justification for focusing
on these technologies stems from their ability to address instantaneous imbalances and
their significant potential in enhancing system resilience. However, further research is
needed to enhance their economic viability and scalability for large-scale applications.

e  Medium-Term Flexibility

Medium-term storage technologies, such as pumped-storage hydropower and com-
pressed air energy storage, require further optimization in their dispatch strategies to
manage renewable energy generation’s variability and daily load fluctuations. This re-
search underscores the importance of integrating distributed energy storage and microgrids,
which will offer greater flexibility in future power systems.

o  Long-Term Flexibility

Long-term storage and dispatch technologies are essential for addressing seasonal fluc-
tuations in renewable energy generation. Hydrogen energy, in particular, has the potential
to become an integral component of future energy systems. Its ability to provide long-term
energy storage and decarbonize the power sector justifies its focus in this study. Hydrogen
not only enables seasonal storage but also enhances grid stability when integrated with
other energy systems.

To meet the growing penetration of renewable energy, the future development of
power systems will require the optimization of flexible resource allocation and dispatch
across multiple time scales. Technological innovation and strategy optimization will be
essential for building a more efficient and reliable energy system. By combining short-,
medium-, and long-term storage technologies, alongside advanced dispatch mechanisms,
the power sector can enhance its ability to balance supply and demand, ensuring the secure
and stable operation of future energy systems. Moreover, as hydrogen technology advances,
it is expected to play a crucial role in achieving higher renewable energy utilization and
supporting the transition to a decarbonized energy system.

Author Contributions: Conceptualization, FL. and HW.; methodology, H.-W.; software, F.L.; valida-
tion, D.L.; investigation, K.S.; writing—original draft preparation, F.L.; writing—review and editing,
H.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science and Technology Project of the Headquarters of
State Grid Corporation of China, grant number 1400-202456361A-3-1-DG.

Data Availability Statement: No new data were created or analyzed in this study.

Conflicts of Interest: Authors Fan Li, Dong Liu and Ke Sun were employed by State Grid Economic
and Technological Research Institute Co., Ltd. The remaining author declares that the research was
conducted in the absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

1.  Sayed, E.T.; Olabi, A.G.; Alami, A.H.; Radwan, A.; Mdallal, A.; Rezk, A.; Abdelkareem, M.A. Renewable Energy and Energy
Storage Systems. Energies 2023, 16, 1415. [CrossRef]
2. Khare, V,; Nema, S.; Baredar, P. Solar-wind hybrid renewable energy system: A review. Renew. Sustain. Energy Rev. 2016, 58,

23-33. [CrossRef]

3. Impram, S; Nese, S.V,; Oral, B. Challenges of renewable energy penetration on power system flexibility: A survey. Energy Strategy
Rev. 2020, 31, 100539. [CrossRef]
4. Muzammal Islam, M.; Yu, T.; Giannoccaro, G.; Mi, Y.; la Scala, M.; Rajabi Nasab, M.; Wang, J. Improving Reliability and Stability

of the Power Systems: A Comprehensive Review on the Role of Energy Storage Systems to Enhance Flexibility. IEEE Access 2024,
12,152738-152765. [CrossRef]


https://doi.org/10.3390/en16031415
https://doi.org/10.1016/j.rser.2015.12.223
https://doi.org/10.1016/j.esr.2020.100539
https://doi.org/10.1109/ACCESS.2024.3476959

Energies 2025, 18, 643 27 of 31

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Mlilo, N.; Brown, J.; Ahfock, T. Impact of intermittent renewable energy generation penetration on the power system networks—A
review. Technol. Econ. Smart Grids Sustain. Energy 2021, 6, 25. [CrossRef]

Shahzad, S.; Jasinska, E. Renewable Revolution: A Review of Strategic Flexibility in Future Power Systems. Sustainability 2024,
16, 5454. [CrossRef]

Anwar, M.B.; Qazi, HW.,; Burke, D.]J.; O'Malley, M.]. Harnessing the Flexibility of Demand-Side Resources. IEEE Trans. Smart Grid
2018, 10, 4151-4163. [CrossRef]

Haikarainen, C.; Pettersson, F; Saxén, H. Optimising the Regional Mix of Intermittent and Flexible Energy Technologies. J. Clean.
Prod. 2019, 219, 508-517. [CrossRef]

Dalhues, S.; Zhou, Y.; Pohl, O.; Rewald, F,; Erlemeyer, F.; Schmid, D.; Zwartscholten, J.; Hagemann, Z.; Wagner, C.; Gonzalez,
D.M.; et al. Research and Practice of Flexibility in Distribution Systems: A Review. CSEE . Power Energy Syst. 2019, 5, 285-294.
[CrossRef]

Heggarty, T.; Bourmaud, J.-Y.; Girard, R.; Kariniotakis, G. Multi-temporal Assessment of Power System Flexibility Requirement.
Appl. Energy 2019, 238, 1327-1336. [CrossRef]

Yamujala, S.; Kushwaha, P; Jain, A.; Bhakar, R.; Wu, J.; Mathur, J. A Stochastic Multi-Interval Scheduling Framework to Quantify
Operational Flexibility in Low Carbon Power Systems. Appl. Energy 2021, 304, 117763. [CrossRef]

Heggarty, T.; Bourmaud, J.-Y.; Girard, R.; Kariniotakis, G. Quantifying Power System Flexibility Provision. Appl. Energy 2020,
279, 115852. [CrossRef]

Wang, Z.; Xi, K.; Cheng, A.; Lin, H.; Ran, A.C.M.; van Schuppen, J.H.; Zhang, C. Synchronization of Power Systems under
Stochastic Disturbances. Automatica 2023, 151, 110884. [CrossRef]

Qin, B.; Wang, H.; Li, W.; Li, E; Wang, W.; Ding, T. Aperiodic Coordination Scheduling of Multiple PPLs in Shipboard Integrated
Power Systems. IEEE Trans. Intell. Transp. Syst. 2024, 25, 14844-14854. [CrossRef]

Li, H.; Qin, B.; Wang, S.; Ding, T.; Liu, J.; Wang, H. Aggregate power flexibility of multi-energy systems supported by dynamic
networks. Appl. Energy 2025, 377, 124565. [CrossRef]

Arya, Y. Effect of Energy Storage Systems on Automatic Generation Control of Interconnected Traditional and Restructured
Energy Systems. Int. . Energy Res. 2019, 43, 6475-6493. [CrossRef]

Du, Y;; Wu, J,; Li, S.; Long, C.; Onori, S. Hierarchical Coordination of Two-Time Scale Microgrids with Supply-Demand Imbalance.
IEEE Trans. Smart Grid 2020, 11, 3726-3736. [CrossRef]

Li, H,; Yu, H,; Liu, Z.; Li, E; Wu, X,; Cao, B.; Zhang, C.; Liu, D. Long-term scenario generation of renewable ener-gy generation
using attention-based conditional generative adversarial networks. Energy Convers. 2024, 5, 15-27. [CrossRef]

Yuan, Z.; Zecchino, A.; Cherkaoui, R.; Paolone, M. Real-time Control of Battery Energy Storage Systems to Provide Ancillary
Services Considering Voltage-Dependent Capability of DC-AC Converters. IEEE Trans. Smart Grid 2021, 12, 4164-4175. [CrossRef]
Doenges, K.; Egido, I; Sigrist, L.; Lobato Miguélez, E.; Rouco, L. Improving AGC Performance in Power Systems with Regulation
Response Accuracy Margins Using Battery Energy Storage System (BESS). IEEE Trans. Power Syst. 2019, 35, 2816-2825. [CrossRef]
Alsharif, H.; Jalili, M.; Hasan, K.N. Fast Frequency Response Services in Low Inertia Power Systems—A Review. Energy Rep.
2023, 9, 228-237. [CrossRef]

Homan, S.; Mac Dowell, N.; Brown, S. Grid Frequency Volatility in Future Low Inertia Scenarios: Challenges and Mitigation
Options. Appl. Energy 2021, 290, 116723. [CrossRef]

Al Kez, D.; Foley, AM.; Mcllwaine, N.; Morrow, D.J.; Hayes, B.P.; Zehir, M.A.; Mehigan, L.; Papari, B.; Edrington, C.S.; Baran, M.
A Critical Evaluation of Grid Stability and Codes, Energy Storage and Smart Loads in Power Systems with Wind Generation.
Energy 2020, 205, 117671. [CrossRef]

Yoo, Y.; Jung, S.; Jang, G. Dynamic Inertia Response Support by Energy Storage System with Renewable Energy Integration
Substation. J. Mod. Power Syst. Clean Energy 2020, 8, 260-266. [CrossRef]

Ahmed, F; Al Kez, D.; McLoone, S.; Best, R.J.; Cameron, C.; Foley, A. Dynamic Grid Stability in Low Carbon Power Systems with
Minimum Inertia. Renew. Energy 2023, 210, 486-506. [CrossRef]

Baringo, A.; Baringo, L.; Arroyo, ]. M. Day-Ahead Self-Scheduling of a Virtual Power Plant in Energy and Reserve Electricity
Markets under Uncertainty. IEEE Trans. Power Syst. 2018, 34, 1881-1894. [CrossRef]

Dhaliwal, N.K.; Bouffard, F.; O’'Malley, M.]. A Fast Flexibility-Driven Generation Portfolio Planning Method for Sustainable
Power Systems. IEEE Trans. Sustain. Energy 2020, 12, 368-377. [CrossRef]

Okur, O.; Voulis, N.; Heijnen, P.; Lukszo, Z. Aggregator-mediated Demand Response: Minimizing Imbalances Caused by
Uncertainty of Solar Generation. Appl. Energy 2019, 247, 426-437. [CrossRef]

Mehrjerdi, H.; Rakhshani, E. Correlation of Multiple Time-Scale and Uncertainty Modelling for Renewable Energy-Load Profiles
in Wind Powered System. J. Clean. Prod. 2019, 236, 117644. [CrossRef]

Pourahmadi, F.; Kazempour, J.; Ordoudis, C.; Pinson, P.; Hosseini, S.H. Distributionally Robust Chance-Constrained Generation
Expansion Planning. IEEE Trans. Power Syst. 2020, 35, 2888-2903. [CrossRef]


https://doi.org/10.1007/s40866-021-00123-w
https://doi.org/10.3390/su16135454
https://doi.org/10.1109/TSG.2018.2850439
https://doi.org/10.1016/j.jclepro.2019.02.103
https://doi.org/10.17775/CSEEJPES.2019.00170
https://doi.org/10.1016/j.apenergy.2019.01.198
https://doi.org/10.1016/j.apenergy.2021.117763
https://doi.org/10.1016/j.apenergy.2020.115852
https://doi.org/10.1016/j.automatica.2023.110884
https://doi.org/10.1109/TITS.2024.3392832
https://doi.org/10.1016/j.apenergy.2024.124565
https://doi.org/10.1002/er.4493
https://doi.org/10.1109/TSG.2020.2980873
https://doi.org/10.1049/enc2.12106
https://doi.org/10.1109/TSG.2021.3077696
https://doi.org/10.1109/TPWRS.2019.2960450
https://doi.org/10.1016/j.egyr.2023.05.193
https://doi.org/10.1016/j.apenergy.2021.116723
https://doi.org/10.1016/j.energy.2020.117671
https://doi.org/10.35833/MPCE.2018.000760
https://doi.org/10.1016/j.renene.2023.03.082
https://doi.org/10.1109/TPWRS.2018.2883753
https://doi.org/10.1109/TSTE.2020.2998408
https://doi.org/10.1016/j.apenergy.2019.04.035
https://doi.org/10.1016/j.jclepro.2019.117644
https://doi.org/10.1109/TPWRS.2019.2958850

Energies 2025, 18, 643 28 of 31

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.
51.
52.
53.

54.
55.

56.

57.

58.

Qin, B,; Li, H.; Wang, Z.; Jiang, Y.; Lu, D.; Du, X,; Qian, Q. New framework of low-carbon city development of China: Underground
space based integrated energy systems. Undergr. Space 2024, 14, 300-318. [CrossRef]

Hunt, ].D.; Zakeri, B.; Lopes, R.; Barbosa, P.S.F.; Nascimento, A.; de Castro, N.J.; Brandao, R.; Schneider, P.S.; Wada, Y. Existing
and New Arrangements of Pumped-Hydro Storage Plants. Renew. Sustain. Energy Rev. 2020, 129, 109914. [CrossRef]

Bilal, A.B.; Sarmad, H.; Jan, A.; Bhaskar, M.; Roshan, K.; Di, W. Using Energy Storage Systems to Extend the Life of Hydropower
Plants. Appl. Energy 2023, 337, 120894. [CrossRef]

Biber, A.; Wieland, C.; Spliethoff, H. Economic Analysis of Energy Storages Integrated into Combined-Cycle Power Plants. Energy
Policy 2022, 170, 113255. [CrossRef]

Khojasteh, M.; Faria, P; Vale, Z. A Robust Model for Aggregated Bidding of Energy Storages and Wind Resources in the Joint
Energy and Reserve Markets. Energy 2022, 238, 121735. [CrossRef]

Khorasany, M.; Najafi-Ghalelou, A.; Afshin and Razzaghi, R. A Framework for Joint Scheduling and Power Trading of Prosumers
in Transactive Markets. IEEE Trans. Sustain. Energy 2021, 12, 955-965. [CrossRef]

Askeland, M.; Backe, S.; Bjarghov, S.; Korpas, M. Helping End-Users Help Each Other: Coordinating Development and Operation
of Distributed Resources Through Local Power Markets and Grid Tariffs. Energy Econ. 2021, 94, 105065. [CrossRef]

Minai, A.F; Khan, A.A,; Kitmo; Ndiaye, M.E; Alam, T.; Khargotra, R.; Singh, T. Evolution and Role of Virtual Power Plants:
Market Strategy with Integration of Renewable Based Microgrids. Energy Strategy Rev. 2024, 53, 101390. [CrossRef]

Nikos, D.H.; Georgia, E.A. DER Integration Through a Monopoly DER Aggregator. Energy Policy 2020, 137, 111124. [CrossRef]
Lledo, L.; Torralba, V.; Soret, A.; Ramon, J.; Doblas-Reyes, F.J. Seasonal Forecasts of Wind Power Generation. Renew. Energy 2019,
143,91-100. [CrossRef]

Orlov, A ; Jana, S.; Ilaria, V. Author Correction: Better Seasonal Forecasts for the Renewable Energy Industry. Nat. Energy 2020, 5,
108-110. [CrossRef]

Zhou, T,; Kao, S.; Xu, W.; Gangrade, S.; Voisin, N. Impacts of Climate Change on Sub-annual Hydropower Generation: A
Multi-Model Assessment of the United States Federal Hydropower Plant. Environ. Res. Lett. 2023, 18, 034009. [CrossRef]
Dimanchev, E.G.; Hodge, ].L.; Parsons, J.E. The Role of Hydropower Reservoirs in Deep Decarbonization Policy. Energy Policy
2021, 155, 112369. [CrossRef]

Céceres, A.L.; Jaramillo, P.; Matthews, H.S.; Samaras, C.; Nijssen, B. Potential Hydropower Contribution to Mitigate Climate Risk
and Build Resilience in Africa. Nat. Clim. Chang. 2022, 12, 719-727. [CrossRef]

Jahns, C.; Podewski, C.; Weber, C. Supply Curves for Hydro Reservoirs—Estimation and Usage in Large-Scale Electricity Market
Models. Energy Econ. 2020, 87, 104696. [CrossRef]

Liu, Z.; Zhang, Z.; Zhuo, R.; Wang, X. Optimal operation of independent regional power grid with multiple wind-solar-hydro-
battery power. Appl. Energy 2019, 235, 1541-1550. [CrossRef]

Hunter, C.A.; Penev, M.M.; Reznicek, E.P,; Eichman, J.; Rustagi, N.; Baldwin, S.F. Techno-economic Analysis of Long-Duration
Energy Storage and Flexible Power Generation Technologies to Support High-Variable Renewable Energy Grids. Joule 2020, 5,
2077-2101. [CrossRef]

Sanchez-Diez, E.; Ventosa, E.; Guarnieri, M.; Trovo, A.; Flox, C.; Marcilla, R.; Soavi, E.; Mazur, P.; Aranzabe, E.; Ferret, R. Redox
Flow Batteries: Status and Perspective Towards Sustainable Stationary Energy Storage. |. Power Sources 2021, 481, 228804.
[CrossRef]

Olabi, A.G.; Abdelkareem, M.A. Energy Storage Systems Towards 2050. Energy 2021, 219, 119634. [CrossRef]

Babatunde, O.M.; Munda, ].L.; Hamam, Y. Power system flexibility: A review. Energy Rep. 2020, 6, 101-106. [CrossRef]

Good, N.; Mancarella, P. Flexibility in Multi-Energy Communities with Electrical and Thermal Storage: A Stochastic, Robust
Approach for Multi-Service Demand Response. IEEE Trans. Smart Grid 2019, 10, 503-513. [CrossRef]

Xi, Y,; Fang, J.; Chen, Z.; Zeng, Q.; Lund, H. Optimal Coordination of Flexible Resources in the Gas-Heat-electricity Integrated
Energy System. Energy 2021, 223, 119729. [CrossRef]

Ding, Y.; Li, M.; Abdulla, A.; Shan, R.; Ga, S; Jia, G. The Persistence of Flexible Coal in a Deeply Decarbonizing Energy System.
Environ. Res. Lett. 2021, 16, 064043. [CrossRef]

Shrimali, G. Managing Power System Flexibility in India Via Coal Plants. Energy Policy 2021, 150, 112061. [CrossRef]

Rda, ]J.; Verheyleweghen, A.; Jaschke, J.; Nord, L.O. Optimal Scheduling of Flexible Thermal Power Plants with Lifetime
Enhancement under Uncertainty. Appl. Therm. Eng. 2021, 191, 116794. [CrossRef]

Wang, Z.; Liu, M.; Yan, J. Flexibility and Efficiency Co-Enhancement of Thermal Power Plant by Control Strategy Improvement
Considering Time Varying and Detailed Boiler Heat Storage Characteristics. Energy 2021, 232, 121048. [CrossRef]

Sun, Y.; Wang, L.; Xu, C.; Van, H.J.; Maréchal, F; Yang, Y. Enhancing the operational flexibility of thermal power plants by
coupling high-temperature power-to-gas. Appl. Energy 2020, 263, 114608. [CrossRef]

Wang, C.; Song, J.; Zhu, L.; Zheng, W.; Liu, Z.; Lin, C. Peak Shaving and Heat Supply Flexibility of Thermal Power Plants. Appl.
Therm. Eng. 2021, 193, 117030. [CrossRef]


https://doi.org/10.1016/j.undsp.2023.06.008
https://doi.org/10.1016/j.rser.2020.109914
https://doi.org/10.1016/j.apenergy.2023.120894
https://doi.org/10.1016/j.enpol.2022.113255
https://doi.org/10.1016/j.energy.2021.121735
https://doi.org/10.1109/TSTE.2020.3026611
https://doi.org/10.1016/j.eneco.2020.105065
https://doi.org/10.1016/j.esr.2024.101390
https://doi.org/10.1016/j.enpol.2019.111124
https://doi.org/10.1016/j.renene.2019.04.135
https://doi.org/10.1038/s41560-020-0561-5
https://doi.org/10.1088/1748-9326/acb58d
https://doi.org/10.1016/j.enpol.2021.112369
https://doi.org/10.1038/s41558-022-01413-6
https://doi.org/10.1016/j.eneco.2020.104696
https://doi.org/10.1016/j.apenergy.2018.11.072
https://doi.org/10.1016/j.joule.2021.06.018
https://doi.org/10.1016/j.jpowsour.2020.228804
https://doi.org/10.1016/j.energy.2020.119634
https://doi.org/10.1016/j.egyr.2019.11.048
https://doi.org/10.1109/TSG.2017.2745559
https://doi.org/10.1016/j.energy.2020.119729
https://doi.org/10.1088/1748-9326/abfd5a
https://doi.org/10.1016/j.enpol.2020.112061
https://doi.org/10.1016/j.applthermaleng.2021.116794
https://doi.org/10.1016/j.energy.2021.121048
https://doi.org/10.1016/j.apenergy.2020.114608
https://doi.org/10.1016/j.applthermaleng.2021.117030

Energies 2025, 18, 643 29 of 31

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Li, H.; Qin, B.; Wang, S.; Ding, T.; Wang, H. Data-driven two-stage scheduling of multi-energy systems for operational flexibility
enhancement. Int. J. Electr. Power Energy Syst. 2024, 162, 110230. [CrossRef]

Golovina, E.Y.; Samarkina, E.V.; Buinov, N.E.; Evloeva, M.V. Digitalization and digital transformation of the thermal-power
industry as a factor of improving the thermal infrastructure efficiency. Therm. Eng. 2022, 69, 393-404. [CrossRef]

Zhao, Z.; Ding, X.; Behrens, P; Li, J.; He, M.; Gao, Y,; Liu, G.; Xu, B.; Chen, D. The Importance of Flexible Hydropower in
Providing Electricity Stability During China’s Coal Phase-out. Appl. Energy 2023, 336, 120684. [CrossRef]

Qin, B.; Wang, H,; Liao, Y.; Liu, D.; Wang, Z.; Li, F. Liquid hydrogen superconducting transmission based super energy pipeline
for Pacific Rim in the context of global energy sustainable development. Int. ]. Hydrogen Energy 2024, 56, 1391-1396. [CrossRef]
Qin, B.; Wang, H.; Li, E; Liu, D.; Liao, Y.; Li, H. Towards zero carbon hydrogen: Co-production of photovoltaic electrolysis and
natural gas reforming with CCS. Int. . Hydrogen Energy 2024, 78, 604—609. [CrossRef]

The Engineering ToolBox. 2008. Hydropower. Available online: https:/ /www.engineeringtoolbox.com /hydropower-d_1359.html
(accessed on 3 January 2025).

Huang, J.; Li, W.; Wu, X.; Gu, Z. A Bi-Level Capacity Planning Approach of Combined Hydropower Hydrogen System. J. Clearn.
Prod. 2021, 327, 129414. [CrossRef]

Lopes, R.A ; Junker, R.G.; Martins, J.; Murta-Pina, J.; Reynders, G.; Madsen, H. Characterisation and Use of Energy Flexibility in
Water Pumping and Storage Systems. Appl. Energy 2020, 277, 115587. [CrossRef]

National Energy Agency. Technical and Economic Aspects of Load Following with Nuclear Power Plants; National Energy Agency:
London, UK, 2011.

National Renewable Energy Laboratory. Flexible Nuclear Energy for Clean Energy Systems; National Renewable Energy Laboratory:
Denver, CO, USA, 2020.

Lee, K.; Choe, |J.; Lee, D. Application of load follow operation to equilibrium cycle. In Proceedings of the Transactions of the
Korean Nuclear Society Autumn Meeting, Gyeongju, Republic of Korea, 25-26 October 2012.

Cui, C.; Zhang, ].; Shen, ]J. System-level modeling, analysis and coordinated control design for the pressurized water reactor
nuclear power system. Energy 2023, 283, 128472. [CrossRef]

World Nuclear Performance Report 2024. Available online: https://world-nuclear.org/our-association/publications /global-
trends-reports/world-nuclear-performance-report-2024 (accessed on 3 January 2025).

Morilhat, P; Feutry, S.; Maitre, C.L.; Favennec, ].M. Nuclear Power Plant flexibility at EDF. HAL 2019, preprint.

EUR Organization. European Utility Requirements for LWR Nuclear Power Plants; Revision E; EUR Organization: Vienna, Austria,
2016.

Advanced Research Projects Agency-Energy. DAYS Duration Addition to Electricity Storage; Advanced Research Projects Agency-
Energy: Washington, DC, USA, 2018.

Li, J.; Liu, E; Li, Z.; Shao, C.; Liu, X. Grid-side flexibility of power systems in integrating large-scale renewable generations: A
critical review on concepts, formulations and solution approaches. Renew. Sustain. Energy Rev. 2018, 93, 272-284. [CrossRef]
Murphy, C.; Mai, T.; Sun, Y.N.; Jadun, P.; Muratori, M.; Nelson, B.; Jones, R. Electrification Futures Study: Scenarios of Power System
Evolution and Infrastructure Development for the United States; National Renewable Energy Laboratory: Golden, CO, USA, 2021.
Degefa, M.Z.; Sperstad, 1.B.; Seel, H. Comprehensive classifications and characterizations of power system flexibility resources.
Electr. Power Syst. Res. 2021, 194, 107022. [CrossRef]

Zhang, S.; Guo, X.; Dou, X.; Zhang, X. A data-driven coulomb counting method for state of charge calibration and estimation of
lithium-ion battery. Sustain. Energy Technol. Assess. 2020, 40, 100752. [CrossRef]

Alberto, B. Hydrogen key technology to cover the energy storage needs of NEOM City. Int. |. Hydrogen Energy 2022, 47,
14371-14374. [CrossRef]

Yamujala, S.; Jain, A.; Bhakar, R.; Mathur, J.; Kushwaha, P. Operational flexibility enhancement through flexible ramp products
from energy storage. In Proceedings of the 2019 8th International Conference on Power Systems (ICPS), Jaipur, India, 20-22
December 2019; Volume 8, pp. 1-5. [CrossRef]

Qin, R; Chen, J.; Li, Z.; Teng, W.; Liu, Y. Simulation of secondary frequency modulation process of wind power with auxiliary of
flywheel energy storage. Sustainability 2023, 15, 11832. [CrossRef]

Marzooghi, H.; Verbi¢, G.; Hill, D.]. Aggregated demand response modelling for future grid scenarios. Sustain. Energy Grids Netw.
2016, 5, 94-104. [CrossRef]

Park, D.W.; Caas, N.A.; Schwan, M.; Milow, B.; Ratke, L.; Friedrich, K. A dual mesopore electrode for a high energy density
supercapacitor. Curr. Appl. Phys. 2016, 16, 658—-664. [CrossRef]

Muzaffar, A.; Ahamed, M.B.; Deshmukh, K.; Thirumalai, J. A review on recent advances in hybrid supercapacitors: Design,
fabrication and applications. Renew. Sustain. Energy Rev. 2019, 101, 123-145. [CrossRef]

Liu, H.; Hu, Z.; Song, Y.; Lin, J. Decentralized vehicle to grid control for primary frequency regulation considering charging
demands. IEEE Trans. Power Syst. 2013, 28, 3480-3489. [CrossRef]


https://doi.org/10.1016/j.ijepes.2024.110230
https://doi.org/10.1134/S0040601522060040
https://doi.org/10.1016/j.apenergy.2023.120684
https://doi.org/10.1016/j.ijhydene.2023.12.289
https://doi.org/10.1016/j.ijhydene.2024.06.337
https://www.engineeringtoolbox.com/hydropower-d_1359.html
https://doi.org/10.1016/j.jclepro.2021.129414
https://doi.org/10.1016/j.apenergy.2020.115587
https://doi.org/10.1016/j.energy.2023.128472
https://world-nuclear.org/our-association/publications/global-trends-reports/world-nuclear-performance-report-2024
https://world-nuclear.org/our-association/publications/global-trends-reports/world-nuclear-performance-report-2024
https://doi.org/10.1016/j.rser.2018.04.109
https://doi.org/10.1016/j.epsr.2021.107022
https://doi.org/10.1016/j.seta.2020.100752
https://doi.org/10.1016/j.ijhydene.2022.02.240
https://doi.org/10.1109/ICPS48983.2019.9067683
https://doi.org/10.3390/su151511832
https://doi.org/10.1016/j.segan.2015.11.005
https://doi.org/10.1016/j.cap.2016.03.021
https://doi.org/10.1016/j.rser.2018.10.026
https://doi.org/10.1109/TPWRS.2013.2252029

Energies 2025, 18, 643 30 of 31

86.

87.
88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Li, Y,; Yang, Z.; Li, G.; Zhao, D.; Tian, W. Optimal scheduling of an isolated microgrid with battery storage considering load and
renewable generation Uncertainties. IEEE Trans. Ind. Electron. 2019, 66, 1565-1575. [CrossRef]

Reddy, S.S. Optimal scheduling of thermal-wind-solar power system with storage. Renew. Energy 2017, 101, 1357-1368. [CrossRef]
Yu, B.; Sun, E; Chen, C,; Fu, G.; Hu, L. Power demand response in the context of smart home application. Energy 2022, 240, 122774.
[CrossRef]

Qin, B.; Liu, W.; Li, H.; Ding, T.; Ma, K,; Liu, T. Impact of System Inherent Characteristics on Initial-Stage Short-Circuit Current of
MMC-Based MTDC Transmission Systems. IEEE Trans. Power Syst. 2022, 37, 3913-3922. [CrossRef]

Zhu, J.; Lin, Y.; Lei, W.; Liu, Y.; Tao, M. Optimal household appliances scheduling of multiple smart homes using an improved
cooperative algorithm. Energy 2019, 171, 944-955. [CrossRef]

Li, L.; Cao, X.; Wang, P. Optimal coordination strategy for multiple distributed energy systems considering supply, demand, and
price uncertainties. Energy 2021, 227, 122774. [CrossRef]

Wang, M.; Guo, J.; Ma, S.; Zhang, X.; Wang, T.; Luo, K. A Novel Decentralized Frequency Regulation Method of Renewable
Energy Stations Based on Minimum Reserve Capacity for Renewable Energy-Dominated Power Systems. IEEE Trans. Power Syst.
2023, 39, 3701-3714. [CrossRef]

Curto, D.; Favuzza, S.; Franzitta, V.; Guercio, A.; Navia, M.A.N.; Telaretti, E.; Zizzo, G. Grid stability improvement using synthetic
inertia by battery energy storage systems in small islands. Energy 2022, 254, 124456. [CrossRef]

Singh, P; Arora, K.; Rathore, U.C.; Joshi, G.P.; Cho, W. Comparative study of controllers in battery energy storage system
integrated with doubly fed induction generator-based wind energy conversion system for power quality improvement. Energy
Rep. 2024, 11, 4587-4600. [CrossRef]

Zhao, Z.; Yuan, Y.; He, M,; Jurasz, J.; Wang, J.; Egusquiza, M.; Egusquiza, E.; Xu, B.; Chen, D. Stability and efficiency performance
of pumped hydro energy storage system for higher flexibility. Renew. Energy 2022, 199, 1482-1494. [CrossRef]

Prasasti, E.B.; Aouad, M.; Joseph, M.; Zangeneh, M.; Terheiden, K. Optimization of pumped hydro energy storage design and
operation for offshore low-head application and grid stabilization. Renew. Sustain. Energy Rev. 2024, 191, 114122. [CrossRef]
Wang, H.; Qin, B.; Hong, S.; Cai, Q.; Li, F; Ding, T.; Li, H. Optimal planning of hybrid hydrogen and battery energy storage for
resilience enhancement using bi-layer decomposition algorithm. J. Energy Storage 2025, 110, 115367. [CrossRef]

Shang, L.; Dong, X.; Liu, C.; Gong, Z. Fast grid frequency and voltage control of battery energy storage system based on the
amplitude-phase-locked-loop. IEEE Trans. Smart Grid 2021, 13, 941-953. [CrossRef]

Gilani, M.A; Kazemi, A.; Ghasemi, M. Distribution system resilience enhancement by microgrid formation considering distributed
energy resources. Energy 2020, 191, 116442. [CrossRef]

Pusceddu, E.; Zakeri, B.; Gissey, G.C. Synergies between energy arbitrage and fast frequency response for battery energy storage
systems. Appl. Energy 2021, 283, 116274. [CrossRef]

Vasudevan, K.R.; Ramachandaramurthy, V.K.; Venugopal, G.; Ekanayake, J.; Tiong, S. Variable speed pumped hydro storage: A
review of converters, controls and energy management strategies. Renew. Sustain. Energy Rev. 2021, 135, 110156. [CrossRef]
Gulzar, M.M,; Igbal, M.; Shahzad, S.; Mugeet, H.A.; Shahzad, M.; Hussain, M.M. Load Frequency Control (LFC) Strategies in
Renewable Energy-Based Hybrid Power Systems: A Review. Energies 2022, 15, 3488. [CrossRef]

Brown, P.R.; Botterud, A. The Value of Inter-Regional Coordination and Transmission in Decarbonizing the US Electricity System.
Joule 2020, 5, 115-134. [CrossRef]

Deng, X.; Lv, T,; Xu, J.; Hou, X; Liu, E. Assessing the integration effect of inter-regional transmission on variable power generation
under renewable energy consumption policy in China. Energy Policy 2022, 170, 113219. [CrossRef]

Kumar, D.S.; Salish, M.; Srinivasan, D. Ramp-rate limiting strategies to alleviate the impact of PV power ramping on voltage
fluctuations using energy storage systems. Sol. Energy 2022, 234, 377-386. [CrossRef]

Bazdar, E.; Sameti, M.; Nasiri, F.; Haghighat, F. Compressed air energy storage in integrated energy systems: A review. Renew.
Sustain. Energy Rev. 2022, 167, 112701. [CrossRef]

Vasconcelos, M.H. Flexibility extension in hydropower for the provision of frequency control services within the European energy
transition. Int. J. Electr. Power Energy Syst. 2024, 156, 109689. [CrossRef]

Park, YK,; Seong, WM.; Tong, S.K. Advanced control to improve the ramp-rate of a gas turbine: Optimization of control schedule.
Energies 2021, 14, 8024. [CrossRef]

Palacios, A.; Barreneche, C.; Navarro, M.; Ding, Y. Thermal energy storage technologies for concentrated solar power—A review
from a materials perspective. Renew. Energy 2020, 156, 1244-1265. [CrossRef]

Zakeri, B,; Gissey, G.C.; Dodds, P.E.; Subkhankulova, D. Centralized vs. distributed energy storage—Benefits for residential users.
Energy 2021, 236, 121443. [CrossRef]

Yuan, Z.; Xia, J.; Li, P. Two-Time-Scale Energy Management for Microgrids with Data-Based Day-Ahead Distribution Robust
Chance-Constrained Scheduling. IEEE Trans. Smart Grid 2021, 12, 4778-4787. [CrossRef]

Li, X.; Wang, W.; Wang, H. Hybrid time-scale energy optimal scheduling strategy for integrated energy system with bilateral
interaction with supply and demand. Appl. Energy 2021, 285, 116458. [CrossRef]


https://doi.org/10.1109/TIE.2018.2840498
https://doi.org/10.1016/j.renene.2016.10.022
https://doi.org/10.1016/j.energy.2021.122774
https://doi.org/10.1109/TPWRS.2021.3140061
https://doi.org/10.1016/j.energy.2019.01.025
https://doi.org/10.1016/j.energy.2021.120460
https://doi.org/10.1109/TPWRS.2023.3286459
https://doi.org/10.1016/j.energy.2022.124456
https://doi.org/10.1016/j.egyr.2024.04.020
https://doi.org/10.1016/j.renene.2022.09.085
https://doi.org/10.1016/j.rser.2023.114122
https://doi.org/10.1016/j.est.2025.115367
https://doi.org/10.1109/TSG.2021.3133580
https://doi.org/10.1016/j.energy.2019.116442
https://doi.org/10.1016/j.apenergy.2020.116274
https://doi.org/10.1016/j.rser.2020.110156
https://doi.org/10.3390/en15103488
https://doi.org/10.1016/j.joule.2020.11.013
https://doi.org/10.1016/j.enpol.2022.113219
https://doi.org/10.1016/j.solener.2022.01.059
https://doi.org/10.1016/j.rser.2022.112701
https://doi.org/10.1016/j.ijepes.2023.109689
https://doi.org/10.3390/en14238024
https://doi.org/10.1016/j.renene.2019.10.127
https://doi.org/10.1016/j.energy.2021.121443
https://doi.org/10.1109/TSG.2021.3092371
https://doi.org/10.1016/j.apenergy.2021.116458

Energies 2025, 18, 643 31 of 31

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.
131.

132.

133.

134.

135.

136.

Zhang, Z.; Ding, T.; Zhou, Q.; Sun, Y.; Qu, M.; Zeng, Z.; Ju, Y.; Li, L.; Wang, K.; Chi, F. A review of technologies and applications
on versatile energy storage systems. Renew. Sustain. Energy Rev. 2021, 148, 111263. [CrossRef]

Attar, M.; Repo, S.; Homaee, O.; Siano, P. Mid-term operational planning of pre-installed voltage regulators in distribution
networks. Int. ]. Electr. Power Energy Syst. 2021, 133, 107276. [CrossRef]

Durvasulu, V.; Balliet, WH.; Lopez, C.J.; Lin, Y.; Li, B.; Alam, S.S.; Mahalik, M.R.; Kwon, ]J.; Mosier, T.M. Rationale for adding
batteries to hydropower plants and tradeoffs in hybrid system operation: A review. Renew. Sustain. Energy Rev. 2024, 202, 114673.
[CrossRef]

Calasan, M.; Kecojevi¢, K.; Lukacevi¢, O.; Ali, Z.M. Testing of influence of SVC and energy storage device’s location on power
system using GAMS. In Uncertainties in Modern Power Systems; Academic Press: Cambridge, MA, USA, 2021; pp. 297-342.
Pommeret, A.; Schubert, K. Optimal energy transition with variable and intermittent renewable electricity generation. J. Econ.
Dyn. Control 2022, 134, 104273. [CrossRef]

Li, B.; Wang, H.; Tan, Z. Capacity optimization of hybrid energy storage system for flexible islanded microgrid based on real-time
price-based demand response. Int. ]. Electr. Power Energy Syst. 2022, 136, 107581. [CrossRef]

Zhang, Z.; Qin, B.; Gao, X.; Ding, T.; Zhang, Y.; Wang, H. SE-CNN based emergency control coordination strategy against voltage
instability in multi-infeed hybrid AC/DC systems. Int. ]. Electr. Power Energy Syst. 2024, 160, 110082. [CrossRef]

Chen, H.; Zhang, H. New energy generation forecasting and dispatching method based on big data. Energy Rep. 2021, 7,
1280-1288. [CrossRef]

Xi, H.; Wu, X.; Chen, X.; Sha, P. Artificial intelligent based energy scheduling of steel mill gas utilization system towards carbon
neutrality. Appl. Energy 2021, 295. [CrossRef]

Qin, B.; Wang, H.; Liao, Y.; Li, H.; Ding, T.; Wang, Z.; Li, F;; Liu, D. Challenges and opportunities for long-distance renewable
energy transmission in China. Sustain. Energy Technol. Assess. 2024, 69, 103925. [CrossRef]

Khezri, R.; Amin, M.; Hirohisa, A. Optimal planning of solar photovoltaic and battery storage systems for grid-connected
residential sector: Review, challenges and new perspectives. Renew. Sustain. Energy Rev. 2022, 153, 111763. [CrossRef]
Gjorgievski, V.Z.; Markovska, N.; Abazi, A.; Dui¢, N. The potential of power-to-heat demand response to improve the flexibility
of the energy system: An empirical review. Renew. Sustain. Energy Rev. 2021, 138, 110489. [CrossRef]

Ismail, A.A.; Mbungu, N.T.; Elnady, A.; Bansal, R.C.; Hamid, A.K. Impact of electric vehicles on smart grid and future predictions:
A survey. Int. . Model. Simul. 2023, 43, 1041-1057. [CrossRef]

Sadeghian, O.; Oshnoei, A.; Mohammadi-Ivatloo, B.; Vahidinasab, V.; Anvari-Moghaddam, A. A comprehensive review on
electric vehicles smart charging: Solutions, strategies, technologies, and challenges. J. Energy Storage 2022, 54, 105241. [CrossRef]
Marinkovi¢, D.; Dezs6, G.; Milojevi¢, S. Application of Machine Learning During Maintenance and Exploitation of Electric
Vehicles. Adv. Eng. Lett. 2024, 3, 132-140. [CrossRef]

Wu, Y,; Zhang, T.; Gao, R.; Wu, C. Portfolio planning of renewable energy with energy storage technologies for different
applications from electricity grid. Appl. Energy 2021, 287, 116562. [CrossRef]

Dong, H.; Fu, Y;; Jia, Q.; Zhang, T.; Meng, D. Low carbon optimization of integrated energy microgrid based on life cycle analysis
method and multi time scale energy storage. Renew. Energy 2023, 206, 60-71. [CrossRef]

Andersson, J.; Gronkvist, S. Large-scale storage of hydrogen. Int. ]. Hydrogen Energy 2019, 44, 11901-11919. [CrossRef]
Egeland-Eriksen, T.; Hajizadeh, A.; Sartori, S. Hydrogen-based systems for integration of renewable energy in power systems:
Achievements and perspectives. Int. ]. Hydrogen Energy 2021, 46, 31963-31983. [CrossRef]

Zhang, Y.; Davis, D.; Brear, M.]. The role of hydrogen in decarbonizing a coupled energy system. J. Clean. Prod. 2022, 346, 131082.
[CrossRef]

Zhang, C.; Greenblatt, J.; Wei, M.; Eichman, J.; Saxena, S.; Muratori, M.; Guerra, O.]. Flexible grid-based electrolysis hydrogen
production for fuel cell vehicles reduces costs and greenhouse gas emissions. Appl. Energy 2020, 278, 115651. [CrossRef]
Ozturk, M.; Dincer, I. Development of renewable energy system integrated with hydrogen and natural gas subsystems for cleaner
combustion. J. Nat. Gas Sci. Eng. 2020, 83, 103583. [CrossRef]

Zhang, Y,; Sun, H.; Tan, J.; Li, Z.; Hou, W.; Guo, Y. Capacity configuration optimization of multi-energy system integrating wind
turbine/photovoltaic/hydrogen/battery. Energy 2022, 252, 124046. [CrossRef]

Yang, M.; Hunger, R.; Berrettoni, S.; Sprecher, B.; Wan, B. A review of hydrogen storage and transport technologies. Clean Energy
2023, 7, 190-216. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.rser.2021.111263
https://doi.org/10.1016/j.ijepes.2021.107276
https://doi.org/10.1016/j.rser.2024.114673
https://doi.org/10.1016/j.jedc.2021.104273
https://doi.org/10.1016/j.ijepes.2021.107581
https://doi.org/10.1016/j.ijepes.2024.110082
https://doi.org/10.1016/j.egyr.2021.09.136
https://doi.org/10.1016/j.apenergy.2021.117069
https://doi.org/10.1016/j.seta.2024.103925
https://doi.org/10.1016/j.rser.2021.111763
https://doi.org/10.1016/j.rser.2020.110489
https://doi.org/10.1080/02286203.2022.2148180
https://doi.org/10.1016/j.est.2022.105241
https://doi.org/10.46793/adeletters.2024.3.3.5
https://doi.org/10.1016/j.apenergy.2021.116562
https://doi.org/10.1016/j.renene.2023.02.034
https://doi.org/10.1016/j.ijhydene.2019.03.063
https://doi.org/10.1016/j.ijhydene.2021.06.218
https://doi.org/10.1016/j.jclepro.2022.131082
https://doi.org/10.1016/j.apenergy.2020.115651
https://doi.org/10.1016/j.jngse.2020.103583
https://doi.org/10.1016/j.energy.2022.124046
https://doi.org/10.1093/ce/zkad021

	Introduction 
	Analysis of Regulation Requirements Based on Temporal Scales 
	Instantaneous and Short-Term Scale 
	Medium-Term Scale 
	Long-Term Scale 

	Overview of Diverse Flexible Resources 
	Classification of Flexible Resources 
	Supply-Side Flexible Resources 
	Grid-Side Flexible Resources 
	Storage-Side Flexible Resources 
	Demand-Side Flexible Resources 

	Comparative Characteristics of Flexible Resources 

	Application of Diverse Flexible Resources Across Different Time Scales 
	Instantaneous and Short-Term Applications 
	Single Regulation Methods for Instantaneous and Short-Term Needs 
	Hybrid Regulation Methods for Instantaneous and Short-Term Needs 

	Medium-Term Applications 
	Single Regulation Methods for Medium-Term Needs 
	Hybrid Regulation Methods for Medium-Term Needs 

	Long-Term Applications 
	Single Regulation Methods for Long-Term Needs 
	Hybrid Regulation Methods for Long-Term Needs 


	Future Development Directions 
	Short-Term 
	Medium-Term 
	Long-Term 
	Hydrogen Energy’s Application Prospects in Power Systems 
	Development of Hydrogen Production and Storage Technologies 
	Integration of Hydrogen Energy with Other Energy Systems 


	Conclusions and Outlook 
	References

