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Abstract

Recently, various distributed energy resources are significantly integrated into the modern
power systems. This introduction of distributed energy resource-rich systems can cause
various power quality issues, due to their uncertainties and capacity variations. There-
fore, it is crucial to establish energy balance between generation and demand to improve
power system’s reliability and stability and to minimize energy costs without sacrificing
customers’ comfort or utility. In this regard, power system flexibility concept is high-
lighted as a robust and cost-effective energy management system, especially on the demand
side, to provide consumers’ demands with an acceptable level of power quality. Accord-
ingly, here, a comprehensive review of recent developments in the power system flexibility
and demand-side management strategies and demand response programs are provided to
include mainly classifications, estimation methods, distributed energy resource modelling
approaches, infrastructure requirements, and applications. In addition, current research
topics for applying power system flexibility solutions and demand-side management strate-
gies based on modern power system operation are deliberated. Also, prominent challenges,
research trends, and future perspectives are discussed. Finally, this review article aims to
be an appropriate reference for comprehensive research trends in the power system flexi-
bility concept in general and in demand-side management strategies and demand response
programs, specifically.

1 INTRODUCTION

1.1 Background

Nowadays, the global demand for electrical energy has increased
[1]. Hence, it is crucial to utilize new alternative energy resources
to cut off the adverse environmental impacts that are caused by
conventional energy sources such as fossil fuels. Thus, the inte-
gration of various sorts of distributed energy resources (DERs),
for instance, renewable energy sources (RESs) is expanded in
the modern power systems (MPSs) [2, 3]. By looking specifi-
cally at global energy consumption in 2022, it represents about
160.8 petawatt hour (PWh) in which fossil fuels such as oil,
coal, and gas participate with large percentages of this amount
are 32.95%, 27.90%, and 24.52%, respectively, as depicted in
Figure 1a; while other clean energy resources record the remain-
ing percentage. Various industrial countries have implemented
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urgent procedures to decline this global energy consumption
which varies per year as shown in Figure 1b. As shown, the
energy consumption in 2021 recorded an incremental variation
of 5.46% but it declined to around 1.11% in 2022. It is clear
that energy consumption decreased to small amounts (lower
than energy production) as a result of economic crises, and
the coronavirus pandemic in 2009, and 2020, respectively. In
Figure 2a, the upward trend of global electricity generation is
presented which was recorded in 2022 at about 28.5 PWh con-
sidered 17.7% of the global energy consumption. Conventional
energy sources, such as coal, gas, and oil still contribute with
large generation amounts (60.94%), while the other renewable
and sustainable energy resources provide only 39.06% of total
electricity production, as depicted in Figure 2b. Although the
procedures implemented for energy transition towards low car-
bon energy sources, as presented in Figure 2c, their share is
slightly increasing every year.
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FIGURE 1 Global direct primary energy consumption [1].

1.2 Literature review

Towards a sustainable and clean environment, several RESs
such as wind energy, are being installed to eradicate the adverse
impacts of conventional energy sources [4, 5]. However, RES
characteristics with their variation in uncertainties and avail-
ability are associated with the climate conditions which are
challenging factors [6–8]. So, the importance of integrating var-
ious types of DERs, electric vehicles (EVs), and energy storage
systems (ESSs) is highlighted as a convenient solution to these
challenges [9–11]. By increasing the energy demands, not only
the electrical demands but also cooling and thermal demands,
the multi-carrier energy systems (MESs) are utilized in coop-
eration with the energy hubs (EHs) framework [12]. All these
advanced technologies have adverse influences on the power

system operation causing several power quality issues due to
the insufficient requirements of grid infrastructure [4]. Thus,
the power system operators use several concepts to study the
operational performance of the electrical systems such as energy
supply security which determines the power system’s ability to
provide the required energy and withstand urgent disturbances
[13]; while resilience and robustness measure the power sys-
tem’s capability to restore normal operation conditions after
disturbances and interruptions [14]. Therefore, it is critical to
achieve the energy balance between generations and demands
to provide the load consumptions with different patterns, and
to minimize the energy costs, which contribute to enhancing
power system reliability and stability and protection from dis-
turbance [15]. To accomplish these objectives, the power system
flexibility (PSF) concept is applied to describe the ability of
power systems to manage the generation and energy demands
over any timescale without being influenced by the uncertainties
and availabilities of RESs, in the presence of new industrial tech-
nologies and various load patterns [16]. Numerous studies have
been conducted on the PSF concept in several aspects such as its
resources, services, estimation methods, performance indices,
and so on. In Table 1, a literature review of the most prominent
review articles related to the PSF concept is investigated regard-
ing various research objectives. To assess the various references
against our work, the authors have compared them considering
eight research objectives (R1 to R8), as described in the table.
As noticed, most of these existing review papers either partly
considered certain research objective(s) or totally ignore other
ones. In turn, the proposed review paper covers the various
research objectives, which is essential towards accomplishing
flexible DER-rich MPS.

1.3 Motivation and contributions

As illustrated in the literature review, there are a lot of PSF
classifications and requirements which depend on their appli-
cations; so, there is not a general definition of the PSF for MPSs
in the presence of DERs. This argument can be justified since
the PSF can be applied to several levels such as grid, genera-
tion, demand, storage, and energy market. In this regard, the
DSF is considered an important connecting node between gen-
erations and consumptions associated with the energy markets
which plays a role in improving the PSF at various levels and
applications in the presence of various flexibility sources and

FIGURE 2 Global electricity generation [1].
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MOUSA ET AL. 3

TABLE 1 Literature review of the most prominent review articles related to energy flexibility management (Timeline: 2017 to 2023).

Research objectives

Ref. Year R1 R2 R3 R4 R5 R6 R7 R8 Article contribution

[17] 2017 P ✓ ✗ P ✓ ✗ ✓ ✓ Presents a comprehensive investigation of demand response
(DR) programs concerning their classification, methodologies,
challenges, and practical evidence. Besides, a general overview of
the demand-side management (DSM) tools and strategies was
given in reference [18].

[19] 2018 ✓ P ✗ P ✓ P ✓ P Reviews the most available solutions for PSF and their sources.

[20] 2021 ✓ P ✗ P ✗ ✗ ✓ ✓ Gives a comprehensive study of the power flexibility resources in
terms of definitions, classifications, and other aspects. The same
content is presented in reference [21].

[22] 2022 P P P ✗ ✗ ✗ ✓ ✓ Investigates the demand-side flexibility (DSF) management
based on residential aggregators in terms of energy flexibility
definitions, sources, forecasting and quantification approaches,
and energy market perspectives. That is supported by current
challenges and an overview of future technologies. The same
content is presented in references [23–25].

[26] 2022 P P ✗ ✗ P ✓ ✓ ✗ Represents a comprehensive review of the power system’s
flexibility regarding its definitions, sources, indices, and products.
However, the target objective was considered briefly with
restricted information. The same content is presented in
reference [27].

[28] 2022 P ✗ ✓ ✗ ✗ ✓ ✗ P Elaborates on the applications of machine learning approaches
on smart distribution systems in order to estimate and predict
both power system flexibility and planning.

[29] 2022 ✗ ✓ ✓ P ✓ P ✗ ✓ Highlights the DR program requirements for smart metres and
sensors, estimation methods, and communication technologies.
Further, it presents the various challenges and solutions of the
DR program followed by techno-economic benefits for
distributed system operators (DSOs) and end-users in the future.

[30] 2023 P P ✓ ✓ ✓ P ✓ ✓ Involves comprehensively the DSM control schemes, indices,
enhancement approaches, and other aspects. The same
investigation is implemented in references [31] and [32] in the
presence of EVs and residential demands, respectively.

[33] 2023 P ✗ ✓ P ✓ P ✗ ✗ Discusses the forecasting models of DR-based applied
algorithms and factors.

[34] 2023 P ✓ ✓ P ✗ P ✗ ✗ Several modelling formulations and strategies with various
objectives are investigated based on energy resource flexibility.

[16] 2023 ✓ ✓ ✓ P ✓ P P ✓ Both power system flexibility and DSM are considered in terms
of definitions, modelling, classifications, and future directions.

This work 2024 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ An overview of the PSF in terms of various aspects, such as
classifications, is presented followed by an extensive study of the
DSF in terms of DSM strategies and DR programs based on
technological developments and economic factors. Further, the
MPS operation is discussed in the existence of new technologies
and energy management systems. Then the energy market
operation is investigated by mentioning the challenges and future
research topics.

∙ R1: Overview of energy flexibility management: classifications, quantifications, solutions, and applications.
∙ R2: Classifications, modelling, objectives, and sources of demand-side flexibility.
∙ R3: Estimation and forecasting approaches for demand-side flexibility.
∙ R4: Enhancement techniques for demand-side flexibility.
∙ R5: Developments of demand response program or energy efficiency management.
∙ R6: Modern power operation based on demand-side flexibility management.
∙ R7: Economic solutions and energy market.
∙ R8: Prominent challenges, current status, and future opportunities.

Notes: Cross (×) sign indicates ‘no’, tick (✓) sign indicates ‘yes’.
Abbreviation: P, partially.
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4 MOUSA ET AL.

FIGURE 3 Article layout.

services. So, it is essential to investigate both the PSF and DSF
concepts in terms of their classification, solutions, resources,
and applications while fulfilling with the shortages of various
recent review articles. Besides, this work aids in highlighting the
role of PSF and DSF in DER-rich MPSs to achieve the objec-
tive of the energy transition in parallel with the satisfaction rate
of consumers for power system reliability.

To cover the above-mentioned research gaps and recent
energy technologies, this article presents a comprehensive sur-
vey of the PSF and DSF research trends in DER-rich MPSs
concerning various objectives and contributions which can be
summarized as follows:

∙ Overview of the PSF is given based on definitions, clas-
sification, quantification, characteristics and functions, esti-
mation and forecasting methods, solutions, and applications
supported by recent studies.

∙ The new PSF definition is stated in terms of various
significant factors and elements found in MPSs.

∙ Comprehensive review of recent developments of DSF and
recent DSM strategies is involved in terms of mathematical
modelling, sorts, requirements, applications, etc.

∙ The developments of DR programs are highlighted based on
classifications, requirements, and applications.

∙ The state of the art of the new integrated technologies in the
MPSs which directly affects the operation conditions, is also
considered. The role of various energy management systems
is highlighted.

∙ The energy market perspectives are briefly described.
∙ The research trends, challenges, and future aspects are

investigated.

1.4 Article organization

After the introduction section, Section 2 provides an overview
of energy flexibility management and its solutions to enrich the
PSF and reliability. Sections 3 and 4 include an extensive study of
DSF based on modelling, resources, estimation, classification,
and requirements. In addition, the developments of the DR pro-
grams are elaborated in Section 5. The new technologies and
research directions applied in the MPSs to increase their sen-
sitivity, flexibility and reliability based on DSM are considered
in Section 6. This is followed by a discussion about the energy

markets, challenges, and future aspects associated with DSM,
and PSF in Section 7. Finally, the work conclusion is provided
in Section 8. Moreover, Figure 3 illustrates the article’s outlines
and the main contributions.

2 OVERVIEW OF ENERGY
FLEXIBILITY MANAGEMENT

2.1 PSF definition

It is challenging to find a unique definition of PSF for describing
the MPS operation. Several articles have stated their definition
of PSF based on their work implementations as concluded in
references [16, 20, 22, 26, 27]. As discussed in reference [20],
there are three critical criteria for defining the PSF based on
the type of PSF resource (generation, storage, etc.), time dura-
tion (seconds, minutes, etc.), and incentive services (external
control signals, etc.). Hence, the most vital definitions of PSF
are summarized in Table 2. However, these definitions did not
reflect some aspects of new technologies applied to MPSs. First,
new generation units are implemented along with the conven-
tional ones such as new integrated DERs and RESs with their
uncertainties besides the improvements of current techniques
in transmission and distribution (T&D) management. Also, the
widespread interactions of several types of new ESSs (hydrogen
based), which can be fixed or portable, into the MPSs with new
strategies of energy management, should be highlighted. Fur-
ther, the MESs in EHs to support the electrical, cooling, and
thermal demands, need more specification especially the high
penetration of EVs in the residential sector. For accomplishing
flexible and reliable power systems, robust infrastructure should
be implemented based on advanced smart meters, communi-
cation technologies, and policies or standards with advanced
control strategies.

The two-stage scheduling framework was used to optimize
the integration of advanced distributed flexible resources in the
EHs [39]. Another advanced energy management strategy to
enhance the PSF involves using sensitivity analysis while con-
sidering future energy markets and flexibility services amid high
penetration of DERs [40]. In reference [41], thermal ESSs,
supercapacitors, and RESs are involved in the planning frame-
work under a novel storage charge DR program for sustaining
flexibility in the islanding mode of the microgrid. Other articles
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MOUSA ET AL. 5

TABLE 2 Most important power system flexibility definitions from 2018 to the present.

Ref. Year Definition Remarks

[35] 2018 ‘Flexibility is defined as the modification of generation injection and/or consumption
patterns, on an individual or aggregated level, often in reaction to an external signal, in
order to provide a service within the energy system or maintain stable grid operation’.

Only the generation and demand
resources of PSF were mentioned
without specifying the time duration.

[36] 2018 ‘the capability of a power system to cope with the variability and uncertainty that VRE
(variable renewable energy) generation introduces into the system in different
timescales, from the very short to the long term, avoiding curtailment of VRE and
reliably supplying all the demanded energy to customers’.

Definition based on generations from
RESs only without mentioning the
incentive control variables.

[37] 2019 ‘the ability of a power system to reliably and cost-effectively manage the variability and
uncertainty of demand and supply across all relevant timescales, from ensuring
instantaneous stability of the power system to supporting long-term security of supply’.

Other PSF resources were not
involved with the general specification
for the time period.

[38] 2019 ‘Power system flexibility relates to the ability of the power system to manage changes’. Very general definitions without
specifying the three criteria.

[20] 2021 ‘The ability of power system operation, power system assets, loads, energy storage assets
and generators, to change or modify their routine operation for a limited duration, and
responding to external service request signals, without inducing unplanned disruptions’.

The comprehensive definition,
however, did not consider the recent
technologies and solutions for
supporting the PSF.

[26] 2022 ‘system’s ability to remain functional amid rapid fluctuations and manage all system
components so as not to surpass their operational constraints, while employing all of its
infrastructure’s potential in all time perspectives, such as from seconds to multiple years,
without accruing additional costs to the system’s owner(s)’.

Comprehensive definition without
specifying resources and recent
technologies.

considered new ESSs deployed in the MPS with the expansion
of the EV charging stations at the distribution level to deal with
the urgent requirements of PSF accomplishment in references
[42, 43]. To cover the shortage in the existing PSF defini-
tions, the authors suggest a revised inclusive PSF definition as
follows,

‘The modern power system’s capability to reli-
ably and cost-effectively regulate any capacity
variations, and uncertainties of various DERs,
including ESSs, EVs, and MESs, in generation,
transmission, and distribution levels over differ-
ent time horizons, in the presence of robust
monitoring, convenient infrastructure, and com-
munication technologies with advanced control
strategies based on the international standard and
protocols of energy markets’.

2.2 Power system flexibility classifications

There are various classifications of the PSF based on the scien-
tific research directions. So, the authors have merged all available
classifications into several main categories as shown in Figure 4,
which aid in highlighting the important research topics of the
PSF in the MPSs with regards to:

∙ its applications which can be in generation, network, stor-
age, and distribution levels to supply residential, commercial,
industrial, and other energy demands.

∙ its characteristics and functions such as flexibility indices,
and services besides the flexibility analysis depended on the
applied timescale and techno-economic factors.

∙ available solutions in terms of enabling operators or tech-
nologies, and flexibility resources.

∙ various utilized estimation and prediction approaches.
∙ quantification strategies.

2.3 Flexibility quantification

It is essential to measure the ability of power systems to adapt
to any capacity variation and stochastic nature of any included
components at an acceptable level of reliability using advanced
technologies of meters and control systems, which present com-
plicated procedures [22]. So, various approaches have been
developed to accurately quantify and evaluate the PSF which
may be not applicable for all systems efficiently due to the
potential dynamics and various energy resources in the power
systems. These methods can be dependent on power systems
parameters or planning aspects [44].

2.3.1 Quantification parameters

To quantify the PSF, main factors can be utilized which are
dependent on the flexibility type, and system uncertainties as
summarized in references [16, 22], like this:

∙ Power (kW): it is considered the main factor to quantify the
PSF as it specifies the power capacity of flexible loads based
on several metrics, for example, mean, maximum, minimum,
instantaneous powers, charging and curtailed powers, and
power capacity. In reference [45], average reduction quan-
tification of lighting demand annually during power curtail-
ment was estimated using various flexibility indicators. The
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6 MOUSA ET AL.

FIGURE 4 General classifications of power system flexibility.

maximum charging power of EVs was quantified in the
United States and Germany based on various aspects of
flexibility markets in reference [46]. Regarding the energy
transition vision in Colombia by 2030, the expected power
capacity of RESs was determined under the flexibility
requirements [46].

∙ Energy (kWh): it is applied to quantify the PSF of stor-
age elements and shiftable flexible loads in terms of their
energy or storage capacities, shiftable energy, and energy
reduction. In reference [47], the dynamic operations of ESSs
in residential buildings were regulated to increase energy flex-
ibility using hierarchical EMS considering flexible loads and
resources. In the existence of electrical and energy resources
in residential buildings, a unified framework was proposed to
calculate the daily energy flexibility based on peak shiftable
and storage energy indicators [48].

∙ Time (h): it is crucial for scheduling the flexible loads
with shiftable demand profiles to increase the PSF which is
specified by duration, available time, comfort capacity, and
curtailment duration. In reference [49], the demand flexibility
was scheduled in different climate conditions for commer-
cial buildings based on the dispatch of flexible sources
and the duration before comfort dynamic constraints were
attained. For optimizing peer-to-peer (P2P) energy trading
for thermal loads in residential buildings, virtual ESSs are

modelled based on real-time variations to quantify the PSF
[50].

∙ Other parameters: various parameters can be merged to
quantify the PSF such as power capacity and shiftable energy
considering the duration and prices [51]. Other factors
depend on the relative relationship towards other variables,
for instance, the PSF is determined relative to the percent-
age of storage efficiency or consumption. Other factors
are developed based on the nature of power system mod-
elling and its components such as power variation coefficient,
ramping rate, frequency, and peak time operation. In ref-
erence [52], both cost and power consumption indicators
were utilized to quantify and optimize the PSF in residential
buildings during the presence of various flexible resources.
Another implementation of PSF for a nearly zero-energy
building with climate prediction used different metrics such
as power and energy shifting, cost, and comfort level [53].

2.3.2 Power system operational planning

Other quantification approaches are associated with the opera-
tional planning of power systems that describe their flexibility
potential dynamics and individual flexible resources with the
specification of operation boundaries such as bus voltages.
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MOUSA ET AL. 7

FIGURE 5 Flexibility quantification based on power system operational planning. (a) Flexibility envelope concept [56]. (b) NOE example [62].

∙ Flexibility envelope:

The concept of flexibility envelope is developed to spec-
ify the flexible power consumption restricted by maximum
and minimum power limits that quantified energy flexibility
found between them without violating operation limits over the
available duration, as depicted in Figure 5a [54]. It is a pow-
erful tool to assess the flexibility and potential dynamics of
MPSs, aggregators, and individual resources as well as planning
the penetration of RESs, DERs, ESSs, EVs, and MESs. The
approach is applied to several power system planning studies
in references [55–57].

∙ Nodal operating envelope:

The nodal operating envelope (NOE) concept is applied to
power system operational planning which provides the opera-
tional constraints of buses or feeders such as bus voltages, so
it is used to evaluate the PSF using various flexibility metrics
such as capacity, ramp, duration, and cost [55, 56]. The NOE
approach is utilized to calculate the maximum integration level
of RESs, DERs, ESSs, EVs, and MESs which can be accommo-
dated without violation of any operational performance indices.
Therefore, it can be used for long-term planning and specify-
ing the available hosting capacity (HC) at each time interval on
the MPSs, as shown, for example, in Figure 5b. Various articles
applied the NOE concept to assess the PSF during integrating
DERs in unbalanced distribution networks [58, 59], and others
studied the DER services in energy markets [60, 61].

2.4 Characteristics and functions

Other articles studied and classified the PSF based on its
characteristics and governed functions as depicted in Figure 4.

2.4.1 Flexibility indices

The PSF can be evaluated mainly using ramping rate capabil-
ity, energy, and power capacity, however these indices are not

sensitive to rapid or delay variations in demands. Other flex-
ibility indices depend on the technical characteristics of the
MPSs which are calculated based on seven technical parame-
ters such as ‘generating units with a minimum stable generation
level, ramp up/down capabilities, operating range, minimum
up/down time, and start-up time’ [63]. However, some limita-
tions appeared due to the random behaviour of DERs and other
power system components. Therefore, new indices are devel-
oped to cope with their restrictions and improve their operation,
as follows.

∙ The response time (RT) index is used to quantify the PSF as
investigated in reference [22].

∙ Another index called insufficient ramping resource expecta-
tion (IRRE), is applied to investigate the network outages
or failures as a result of variations in various power system
components especially on generation and distribution levels
[64].

∙ The lack of ramp probability (LORP) index measures
the inter-temporal ramping flexibility at the real timescale
[65].

∙ Another important index used in reference [66], called sys-
tem capability ramp (SCR) is based on investigations of
system capability shortages considering the various system
uncertainties. Moreover, the risk indices are applied to eval-
uate the shortage of ramping capability in power systems
[67].

∙ Other indices were developed to deal with the techno-
economic factors which influenced PSF evaluations at real
operation time [68, 69]. In terms of calculating the optimal
cost for improving and providing flexibility services, the cost
indices are used in references [70, 71].

∙ In reference [72], a new index was used for assessing the
PSF to apply to power system planning. Which considers the
capacity availability of supply resources and ESSs.

∙ Other various indices are mentioned in references [21, 26,
27, 73] for special purposes of PSF evaluations and have
their merits and demerits such as ramping capability shortage
expectation (RCSE), flexibility area index (FIA), and building
energy flexibility index (BEFI).
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8 MOUSA ET AL.

2.4.2 Flexibility services

The PSF services should be declared to aid the system oper-
ators in providing complete energy management during the
variability and uncertainty of various generation units and
demands [74]. Also, it helps in optimizing and control coordi-
nating the operation of flexible resources, and DERs in MPSs
such as smart grids, and microgrids enabling prosumers’ and
aggregators’ participation in the electricity market [75, 76].
Hence, the PSF services can be provided by various PSF
solutions regarding specific timescales that can be divided
into:

∙ Grid services: offer energy management and balancing to
enhance the power quality provided to consumers. Besides
increasing system reliability and security.

∙ Prosumers and demand services: give the ability to pro-
sumers to manage their energy consumption and production
based on energy costs and resilience in addition to voluntary
demand reductions as responding to variations in generation
and demand sides and energy markets.

∙ Market participant services: exhibit maximization of the
profits of both end-users and system operators.

Another classification can be made related to the power sys-
tem security which depends on the available power capacity
and provides power reliability and quality to end-users [26]. It
involves main items which are labelled as power quality, reserves,
and security services.

a. Power quality: the PSF services provide continuous energy
management of flexibility resources and loads to offer
acceptable operation levels of power quality which focuses
mainly on voltage regulation and frequency response stabil-
ity at any time period or urgent disturbances on generations
or demands.

b. Reserves and security: reserve services ensure the pro-
vision of additional energy resources for rapid actions
to any power disturbances, especially in peak demands
such as ESSs or small generation units. While security
services exhibit acceptable power system reliability and
cost-effective operation for consumers without any supply
interruptions.

2.4.3 Flexibility timescales

For evaluating the PSF under the variations and uncertainties
of various power system components over generation, trans-
mission, distribution, and energy market levels, the various
timescales should be integrated as a prominent variable during
power system operation and planning [26]. Also, these timescale
classifications provide a vital vision of transmission system
operators (TSOs) and distribution system operators (DSOs) for
making decisions about the deployment of flexible resources to
ensure power system stability and security. These timescales can
be classified into:

∙ Short term (subcycle): the timescale acts for milliseconds,
seconds, or minutes and is used to define the capability of
power systems to respond to variations in power exchange
stages such as voltage regulations and frequency response ser-
vices with real-time operation analysis. Hence some energy
management systems are applied for regulating and forecast-
ing the short-term operation of various RESs in references
[77–79], frequency stability investigations [80], and referring
to the influence of virtual power plants on power system
transient response [81].

∙ Medium–short term (interday, daily): it is applied to examine
the power system’s capability to respond to various charac-
teristics and alterations of power system components within
hours, such as ramping up or down generation or dispatch-
ing flexible resources [82]. Moreover, it is used for scheduling
day-ahead balancing between supply and demand associated
with energy markets [83, 84].

∙ Long–medium term (weekly or seasonal): it refers to the abil-
ity of power systems to respond to changes in demand and
supply within a week or over a season which can be used in
hydro units, thermal units or RESs scheduling [85, 86].

∙ Long term (years): for planning the power system generation
and consumption for years regarding the energy costs, a long-
term timescale is applied [87, 88].

2.4.4 Flexibility techno-economic factors

Another classification of PSF characteristics is dependent on
both technical and economic aspects, as depicted in Figure 4
[20]. The technical characteristics can be classified as follows,

∙ Quantitatively: it expresses the capability of flexibility
resources numerically.

∙ Qualitatively: it expresses the degree of quality as a response
to flexible resources.

∙ Controllability: it investigated the PSF through the control
strategies of flexibility resources.

On the other hand, the PSF characteristics can be classi-
fied according to the economic factors into two types. The
capital economic characteristics (CAPEX) are used to justify
the investment costs of applied technologies to activate the
PSF in addition to capital costs of flexibility sources, other
implemented equipment, and communication infrastructures.
Further, the operational economic characteristics involve sev-
eral types of costs that may be variable (salaries and wages), costs
for re-installed flexibility technologies and updated power sys-
tem infrastructure or equipment. Also, other costs are specified
by DSO and customers to support the PSF. Other costs may be
involved besides the main types to complete an overview of the
economic characteristics.

In reference [39], the energy management strategy is
applied for operation scheduling and the distribution flexibil-
ity resources in order to reduce the carbon emission cost and
boost the system efficiency and reliability. The cost benefits
are analysed through a flexible energy management strategy to
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MOUSA ET AL. 9

FIGURE 6 Calculation approaches of the power system flexibility.

minimize the installation’s energy cost and predict the over-
run costs using optimization algorithms [40]. Other articles
investigate the PSF through the technical characteristics in
terms of maximizing generations and control systems to sustain
acceptable power quality [42, 43].

2.5 Estimation and prediction approaches

Several calculation approaches are applied for estimating and
predicting the PSF which can be based on various flexibility
indices especially the grid flexibility index that confirms the
ability of the utility grid to manage the power flow among var-
ious energy levels and power system components regarding its
infrastructure and typical operation scenarios. These methods
can evaluate the PSF based on both technical and economic
flexibility indices, operational measuring data, timescales, and
communication infrastructure, which also help to provide a
meaningful picture of the challenges that the power system
operators and planners might face and how to address them
[29]. Hence these approaches can be categorized into con-
ventional, modified, and data-driven approaches, as depicted
in Figure 6. The selection of a suitable approach is associ-
ated with several factors such as applied flexibility indices,
timescale, power system structure, available data from mea-
surement devices, control strategy, required performance and
accuracy, energy market data, and other applied factors from
operators. Despite the simplicity and compact performance of
conventional approaches, nowadays both modified and data-
driven approaches are extremely expanding [28, 89]. As these
approaches are important towards both system operators and
end-users, the authors will discuss the approaches from the

point of view of the various applications based on the DSF
which ensures the reliability, stability, and security of MPSs with
high shares of modern technologies.

2.5.1 Conventional approaches

The conventional approaches may be classified into deter-
ministic, stochastic, time series, and other approaches. In
deterministic approaches, the prior knowledge data of both
technical and economic flexibility metrics are required [90].
Despite their simplicity with low computational time, these
methods do not reflect the uncertainties and availability of
various power system components [91]. By considering the
uncertainties of generation units and load demand, stochastic
approaches are developed to reflect realistic system conditions.
However, by increasing the uncertainties and scenarios, the
simulation complexity, computational time, and memory usage
are increased [92]. Based on the time-varying generations and
demands from measurement devices, and historical data, the
time series methods are applied easily in short-term timescales
to avoid increasing complexity or computational times [93]. Var-
ious recent articles applied these approaches for estimating the
DSF [94–101].

2.5.2 Modified approaches

To deal with the shortcomings of conventional approaches,
modified approaches are applied extensively which can be clas-
sified into optimization-based, hybrid, and other approaches
[102]. These approaches can operate with any number of
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10 MOUSA ET AL.

TABLE 3 Comparative study of power system flexibility estimation methods concluded from references [112–114].

Conventional Modified

Item Deterministic Stochastic

Time

series

Optimization

based Hybrid Others

Data

driven

Data requirement Small Moderate Large Large Depends Depends Large

Considering
uncertainties?

No Yes Yes Yes Depends Depends Yes

No. of applied scenarios Few Large Moderate Large Moderate Moderate Extreme

Complexity Simple Complex Complex Complex Moderate Depends Complex

Computational time Small Large Large Large Moderate Depends Large

Scalability Easy Complex Complex Complex Moderate Moderate Easy

Results’ accuracy Approximate Accurate Accurate Exact Accurate Accurate Exact

uncertainties and constraints of variables and their demand sce-
narios to specify various objective functions at the same time.
However, the selection of a suitable approach it is based on
depends on the user’s judgment and performing a high number
of iterations to attain accurate results increases the complexity
and computational time compared to conventional approaches.
Various recent articles applied these approaches for estimating
the DSF [103–107].

2.5.3 Data-driven approaches

Recently, the data-driven methods based on artificial intelligence
(AI) algorithms have been extensively used not only in estimat-
ing the PSF but also in predicting system failures, measurement
error detection, prices in energy markets, and other special
applications [28, 89]. Moreover, handling big data from energy
markets, supervisory control and data acquisition (SCADA) sys-
tems, and smart meters in distribution systems is beneficial
for power system planning. However, advanced infrastructure
(monitoring, measurements, control systems, communication
systems, and advanced generation units) of the power system
is required which is very complex and expensive especially
to upgrade in old distribution systems. Recent articles applied
these approaches for estimating the DSF [108, 111]. Table 3
compares applied approaches in terms of data requirement of
variables, number of uncertainties and scenarios, computational
time, accuracy, and scalability.

2.5.4 PSF simulation tools

To apply previous approaches for solving the mathematical
models of different power systems, it is essential to use con-
venient simulation software as discussed in reference [115].
Several software are mainly used for conventional and mod-
ified approaches to investigate various power system aspects
(planning, optimization, and analysis) such as DIgSILENT
Power Factory [116], GAMS [117], OpenDSS [118], MAT-
LAB [119], Etab [120], Synergi Electric [121], NEPLAN [122],

CYME [123], PSS Sincal ICA [124], EDSA Paladin Toolkit
[125], HYPERSIM/ ePOWERgrid [126], EasyPower [127],
DSA Tools [128], and HOMER [129]. Also, some previous soft-
ware can be utilized for data-driven methods such as CYME,
OpenDSS, or DIgSILENT Power Factor. Other specified tools
for data-driven methods are developed such as Tensorflow,
Typhoon, Theano, Caffe, Torch, and PyTorch which can be
programmed using C, C++, Python, Lua, MATLAB, etc., as
stated in reference [113, 130]. Table 4 gives a summary of var-
ious articles that applied previous approaches for estimating
DSF in terms of system configuration, consumer type, avail-
able technologies, applied approach with objective functions,
and simulation software.

2.6 PSF solutions

Another classification can be made associated with the
available PSF solutions or resources, as discussed in
references [19, 20, 26, 27]. The authors classify the PSF
solutions into main groups, namely, flexibility enablers and
flexibility resources as depicted in Figure 4.

2.6.1 Flexibility enablers

The classification of flexibility enablers is used to define the
various enabling technologies or products considering PSF
solutions. Moreover, it describes the ancillary services and
requirements for supporting the PSF by grid services, system
or network operators, and prosumers [20]. The grid intercon-
nection specifies the structure of connecting systems between
generations and demands for all areas in different power sys-
tem levels besides the type of transmission lines. While the
grid components classification gives a list of various grid ele-
ments such as DERs, loads, ESSs, RESs, meters, and so on.
Hence, the energy market depicts the energy investments and
their dynamic pricing locally or internationally, and the benefits
of consumers and system operators. These previous enablers
will be discussed in detail in upcoming sections. Other critical
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MOUSA ET AL. 11

TABLE 4 Some recent articles applied estimation and prediction approaches based on demand-side flexibility.

Ref. Year

System

configuration

Consumer

types Technologies Objective functions Approach type Simulation tool

[100] 2021 33-bus LVDS with
6-node heat network

Residential,
commercial

PV, various
components of
IEGHS

∙ Optimal planning
∙ Minimize the operating cost

Deterministic MATLAB and
CPLEX solver

[97] DUTH, located in
Greece

Residential,
commercial

PV, wind, DERs ∙ Optimal planning
∙ Minimize the power losses

Time series MATPOWER

[96] 2022 128 real LV feeders
in the United
Kingdom

PV, ESSs ∙ Optimal planning
∙ Minimize the operating cost

Stochastic –

[108] 2023 33-node and
152-node ADNs

Residential,
commercial

PV, ESSs, flexible
loads, thermal
DGs, Wind

∙ Optimal planning
∙ Minimize the operating cost

Data driven Dec-POMDP
framework

[109] Testbed house Residential PV, ESSs, EV,
smart meters

Building energy management MATLAB

[110] PV, ESSs, various
components of
IEGHS

Python 3.7, the
Tensorflow 2.8.0
open-source
framework

[101] EPRI Ckt5 test
model

Residential,
commercial

PV, RESs Optimal planning Time series OpenDSS

[95] IEEE-33-bus,
IEEE-69-bus radial
LVDSs

PV, EV, DGs ∙ Optimal planning
∙ Minimize the power losses

Deterministic –

[103] EH (IEEE 118-bus,
9-bus test systems)

Wind, various
components of
IEGHS

∙ Optimal planning
∙ Minimize the operating cost

Optimization based MATLAB

[104] IEEE 33-bus
distribution system

Wind, EVs, ESSs ∙ Optimal planning
∙ Minimize the operating cost
∙ optimal allocation of EV

charging stations

–

[106] Microgrid Residential RESs (wind, PV),
ESSs, EVs

MG sizing applications MATLAB

[105] RESs (wind, PV),
ESSs

∙ Optimal day-ahead planning
∙ Minimize the operating cost

–

[107] 2024 Rwandan electricity
infrastructure

RESs (wind, PV),
ESSs, DERs, hydro

∙ Optimal planning
∙ Minimize the operating cost

Gurobi version 9.1.0

[99] Korea and Ireland
outperforming

Various types ∙ Optimizing electrical demands
of low aggregation levels

∙ Improve energy sharing with
cost-effective aspects

Stochastic –

[111] NEST building ESSs, various
components of
IEGHS

Energy saving and optimal
operation

Data driven MATLAB

Abbreviation: IEGHS, integrated electricity–gas–heat systems.

enables for the PSF should be considered, for instance, com-
munication and metering infrastructure, regulations, standards,
and protocols [17, 29]. Regarding the metering infrastructure,
the most common types may be used such as accumulation
meters, interval meters, and smart meters, as investigated in ref-
erence [131]. To provide complete controllability in the MPS,
these meters should be connected to the energy providers
using robust communication infrastructure involving advanced
instruments as summarized based on communication technolo-

gies, standards, and characteristics in Table 5. For the residential
sector, several communication protocols are utilized especially
in smart homes such as user datagram protocol (UDP) sockets,
message queuing telemetry transport (MQTT), and constrained
application protocol (CoAP), as presented in reference [131].
Other communication protocols are applied extensively in the
EV ecosystem such as Open Charge Point Protocol (OCPP),
Open Automated Demand Response (OpenADR), Open Smart
Charging Protocol (OSCP), IEEE 2030.5, and ISO/IEC 15118.
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12 MOUSA ET AL.

TABLE 5 Selective communication technologies, standards, and characteristics [29, 131].

Technology Standard Data transfer rate

Typical

coverage range

Response

time Frequency band

Power

consumption

Application

area

Bluetooth IEEE802.15.1 24 Mbps (v3.0) 10 m typical 10 ms to 1 s 2.4 GHz Low HAN

WiFi EEE802.11x 1154 to 300 Mbps Up to 100 m 2.4 GHz, 5 GHz Very high

Z-Wave 802.11 100 Kbps 30 to 100 m 2.4 GHz, 868.42 MHz
(EU)

Low HAN, NAN

ZigBee IEEE802.15.4 256 Kbps 10 to 100 m 2.4 GHz Very low

LPWAN SigFox LoRaWAN
NB-IoT

0.3 to 50 kbit/s per
channel

10 km in open
space

10 µs to 20 ms 915 MHz Low NAN, WAN

GSM/GPRS ETSI GSM
EN 301349
EN 301347

14.4 Kbps (GSM),
114 Kbps (GPRS)

Several km 10 µs to 1 s 935 MHz
Europe, 1800 MHz

HAN, NAN,
WAN

WLAN IEEE 802.11 150 Mbps 250 m 10 ms to 1 s 2.4 GHz Europe HAN, WAN

Ethernet, PLC,
Wimax, WLAN

Depends 100 kbps to 1 Mbps Up to 1 km 10 ms to 2 s – Depends BAN, IAN

Ethernet, PLC, DSL,
Fibre Optics, WiMax,
NB-IoT, LoRa

100 kbps to 10 Mbps 0.1 to 10 km 10 to 50 ms – NAN

PLC, Ethernet, Fibre
Optics, LoRa, WiMax

10 Mbps to 1 Gbps 10 to 100 km 10 µs to 20 ms – WAN

6LoWPAN IEEE802.15.4 250 Kbps Up to 200 m 10 ms to 1 s 2.4 GHz Low HAN, NAN

3G/4G UMTS 14.4 Mbps Up to 100 m 450,800 MHz to 1.9 GHz HAN, WAN

5G 5G Tech Tracker 20 Gbps 46 to 92 m 3400 to 3800 MHz
awarding trial licenses
(EU)

Very low

Abbreviations: BAN, building area network; HAN, home area network; IAN, industrial area network; NAN, neighbour area network; WAN, wide area network.

2.6.2 Flexibility resources

The PSF can be provided using several resources based on
power system components, operational conditions, and other
advanced technologies. So, the authors divide them into three
groups namely, flexibility assets, operational flexibility, and other
flexibility options.

Flexibility assets
Several power system components can be used to support the
PSF through energy flow levels labelled as supply-side, ESSs,
demand-side, network-side, and market products [26].

Supply side. The supply-side flexibility considers the power sys-
tem components associated with the generation sector to
provide flexibility services; however, their response depends on
their characteristics and scale [26]. Regarding conventional gen-
eration stations, gas turbines are the most flexible generators
while on large scales, the nuclear, and hydropower plant turbines
are efficient in providing the required flexibility [132]. More-
over, other thermal and electrical generators can be used for
the same target in old power systems. Regarding the energy
demands in the MPSs, it is noticeable that various types of
DERs, RESs, thermal DGs, MESs, EVs, and ESSs, are sig-
nificantly integrated and their availability and uncertainty are
continuously varied [133]. So, the energy management of the
supply side requires robust control schemes to deal with these

challenges and support the PSF. Hence, data-driven approaches
are employed to schedule generation maintenance periods and
manage the energy flow based on the developments in the grid
infrastructure [108].

Energy storage systems. ESSs are implemented as PSF resources
because of their ability to provide the power system with addi-
tional active or reactive powers based on control schemes of
their charging and discharging modes [134]. Therefore the tech-
nical development of the ESSs is investigated in several articles
in terms of their topologies, control schemes, technical char-
acteristics, cost-effectiveness, and others, at both network and
demand sides in references [10, 135]. Several types are com-
monly used such as ‘pumped storage, fuel cell, flywheel storage,
electrochemical storage, compressed air storage, and electro-
magnetic energy storage’ due to their various features [27].
Other advanced ESSs are employed in the MPSs such as thermal
storage, thermochemical storage, and domestic space and water
heating tanks [120, 121]. To support the network-side flexibility,
the virtual ESSs are implemented regarding their rapid response
reserves and economic aspects based on the available transmis-
sion system operator (TSO)-DSO coordination schemes [136,
137]. The virtual ESSs represent a pivotal tool in modernizing
power systems and advancing the transition towards a more sus-
tainable and resilient energy future. By integrating virtual ESSs
into MPSs, various system utilities can better accommodate fluc-
tuations in energy demand and supply, optimize grid operations,
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MOUSA ET AL. 13

and enhance system reliability. Additionally, virtual ESSs facili-
tate the integration of DERs by providing backup power during
periods of low generation. Moreover, empowering consumers
to participate in demand response initiatives by enabling them
to store excess energy during off-peak hours and utilize it when
demand is high or grid conditions are strained [81].

Various articles investigated the optimal operation of virtual
ESSs and other types such as thermal ESSs, hydrogen ESSs,
and battery ESSs, in the presence of EVs and MESs for energy
management of EHs to feed the electrical, thermal, and cool-
ing demands [138–141]. In reference [142], a stochastic risk
assessment strategy to assess the distribution systems’ perfor-
mance in the presence of high penetration of DERs, MESs,
and ESSs. By considering various technical risks such as branch
power flows and bus voltage limits, as well as economic oppor-
tunities from gas networks, this strategy effectively reduces the
operational risks and costs while enhancing system strength
and robustness levels. Further, the authors in reference [143]
address the critical concern of distribution companies regarding
security requirements and real-time contingencies by proposing
a flexibility-oriented decision-making strategy involving virtual
ESSs. Through the stochastic model, the energy flexibility is
enhanced by locally integrating virtual ESSs into market par-
ticipation plans, while each virtual ESS optimizes power and
reserve bidding in various markets to support the distribution
companies’ flexibility services.

Demand-side management. The DSF is discussed in depth based
on DSM technologies, classifications, and developments in the
remaining article sections.

Grid facilities (network side). The grid facilities are implemented
to sustain the power balance between generation and demand
and to increase the power system’s reliability and flexibility
through various instruments and strategies. Also, supporting
the power system’s ability to host high levels of DERs without
any violations of power quality along with the energy market.
Several studies concentrated on increasing the power transfer
capacity of transmission systems by employing series or shunt
compensation devices or using flexible alternating current trans-
mission systems (FACTS) [134, 144, 145]. Other enhancement
techniques are applied to enhance the power quality (voltage,
frequency, etc.) such as ESSs, network reconfiguration, and
active power curtailment [112]. Other techniques can be used
to provide reactive power support, enhance controllability, and
control power flow, as discussed in references [19, 146].

Market products. To support the PSF, several technologies of
DSF are used such as DSM systems DR program, and energy
efficiency strategy, which mainly depend on the exchange
of information among the DSO, end-users, energy markets
(dynamic pricing system), and smart meters through efficient
communication systems, to achieve the required power bal-
ance between available energy and demand [17, 19]. Other
tools are utilized such as small, distributed generators (DGs)
and ESSs alongside activating the load management strategies
such as load shifting. Other market products are developed

to deal with the various flexibility obstacles such as flexible
ramping products (FRP) which can be ramped up or down,
mid-continent independent system operators (MISO), regional
transmission enhancement planners (RTEP), and other ancil-
lary service market products, as discussed in references [20,
26]. In reference [16], the flexibility markets are investigated as
a platform for trading flexibility among generation, demand,
and market operators based on location and energy prices.
These markets are influenced by various time frames which
can be day-ahead, intra-day, and balancing power markets that
are associated directly with the provided flexibility services and
characteristics associated directly with the provided flexibility
services and characteristics.

Operational flexibility
Operational flexibility is classified as the various flexibility
sources and techniques applied for specific objectives over dif-
ferent energy flow levels to support the PSF. With increased
penetration levels of DERs, ESSs, etc. into the power sys-
tems, various HC enhancement techniques are employed to
improve the power quality and support the power system reli-
ability and flexibility, as investigated in reference [5]. while the
power system planning strategies are also used with specific con-
trol strategies in smart grids or microgrids. Further, the network
reconfiguration and interconnections contribute to improving
the PSF besides robust control strategies for energy manage-
ment of various power system components such as DERs
[147].

Other flexibility options
Recently, various advanced energy systems have been signifi-
cantly integrated into the MPSs for sustaining optimal energy
management and achieving power system reliability and flex-
ibility. These advanced technologies come into the picture as
several countries applied strategies to accomplish energy transi-
tion toward clean and sustainable energy resources. Therefore,
several studies discussed their influences on the MPSs with
their merits and demerits [148–151]. These technologies involve
MESs, EV aggregators, hydrogen storage, and other heat sys-
tems, which can efficiently support the PSF. However, they
still require more developments to increase their efficiency and
reduce implementation costs.

2.7 PSF applications

The PSF is applied for flexibility resources, as previously dis-
cussed, and management and schedule of various sorts of loads.
The demand sectors can be divided into four groups, that is,
residential, commercial, industrial, and others. In Figure 7a, the
global electricity consumption per demand sector is depicted
which shows that the demand growth of the industrial sec-
tor in 2019, for example, recorded the first rank (9.6 PWh)
followed by the residential (6.07 PWh), commercial (4.85
PWh), transport (0.42 PWh), and other services (1.94 PWh),
respectively. According to the electricity trade, the residential
sector exhibits great demand flexibility (51.11%) while both the
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14 MOUSA ET AL.

FIGURE 7 Global energy consumption per sector. (a) World electricity
final consumption by sector (2000–2019) [152]. (b) Global energy intensity
improvement by sector in the net-zero emissions scenario (2000–2022) [153].

industrial and transportation sectors recorded 9.04%, and
13.07% of total demand flexibility, respectively [115]. As shown
previously, the energy demand globally increases which is mainly
dependent on fossil fuels, so it is crucial to reduce the car-
bon emission to reach the net-zero emission (NZE) scenario
by 2025. Another energy efficiency index is called total final
energy consumption (TFC) intensity which is used to measure
the global energy intensity by demand sector to achieve a lower
percentage of carbon emissions per year based on the clean
energy transition concept, as depicted in Figure 7b. Applying
the low carbon emission sources to produce the energy demand,
the energy bills are dropped along with enhancement in power
system reliability. It is obvious that the global energy intensity
has declined by around 4% per year on average this decade in
the NZE scenario, which compares with 1.7% over the last 10
years. Therefore, the developments of DSF are conducted in
several studies, as concluded in reference [115]. Various flex-
ibility opportunities are exhibited in different demand sectors
based on the implemented appliances, as summarized in Table 6.

Due to the increased flexibility opportunities in different
demand sectors, it is critical to optimize the PSF in real time
with the dynamic pricing of energy markets. So, the power
exchange balance between generation and demand is accom-
plished. Moreover, it is applicable for P2P energy trading among
prosumers and energy producers to sustain a stable and reliable
energy supply. The concept of flexibility in real time with P2P
energy trading is comprehensively discussed in reference [16].

TABLE 6 Examples of appliances in different demand sectors and related
research studies.

Demand sector Appliances’ examples

Review articles

(2018 to present)

Industrial Aluminium electrolysis, steel
production, pulp production, cement
production, oil refinery plants, and
other metal, food, and drink industries

[115, 154–158]

Residential Refrigerators, water heaters, vacuum
cleaners, hairdryers, washing machines,
plug-in EVs, heat pumps, and others

[15, 154, 159–165]

Commercial Heat ventilation and air conditioning
(HVAC), lighting systems, parking lot
aggregators (PLA), supermarket
refrigerators, and others

[155, 166–170]

Transportation EVs, light rail, electric trains, metro,
and others

[171–176]

Other Such as agriculture applications [177, 178]

In Table 7, various examples of P2P energy trading projects are
depicted. As discussed previously, DSF is the most prominent
research direction compared to other flexibility options. So, the
research directions of DSF will be only considered in detail in
the upcoming sections.

3 DEMAND-SIDE FLEXIBILITY:
CLASSIFICATIONS, RESOURCES, AND
REQUIREMENTS

The DSM strategies can be classified into many groups as
depicted in Figure 8. Hence, these groups investigate the DSM
from several research topics and applications as follows:

∙ Various categories: which involve DSM strategies such as
DR program, on backup or spinning reserve such as ESSs
and DERs, strategic load growth and planning, and energy
efficiency.

∙ DSM enablers or implementers: these may be distributed
aggregators, DSO, end-users or customers, and the utility
which have the ability to activate the DSM strategies.

∙ Strategies of load demand management: that present the var-
ious methods for load scheduling and management to deal
with the DSM.

∙ Other methods factors or parameters that influence the
applied DSM strategy may be implementers’ decisions, the
applied estimation method, and the operational timescale.

∙ Another classification specifies the DSM requirements in
terms of policies, infrastructure, energy market, etc.

Here, the DSM categories, implementers, resources, and
requirements are discussed in detail as follows.

3.1 DSM categories

The DSM strategies play a crucial role in regulating the power
exchange between the generation units and the consumers

 17518695, 0, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/gtd2.13204 by A

alto U
niversity, W

iley O
nline L

ibrary on [27/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



MOUSA ET AL. 15

TABLE 7 Examples of peer-to-peer energy trading projects based on flexibility [16, 179, 180].

Ref. Start year End year Project name Country Application

[179] 2011 Finished iPower project Denmark Regional

[180] 2012 Finished PeerEnergyCloud Germany Microgrid

[181] 2013 Finished ECO-Grid project Denmark Regional

[182] 2014 Ongoing Piclo UK National

[183] 2015 Ongoing Horizon 2020-project EMPOWER Europe Regional

[184] 2015 Ongoing P2P-SmartTest Europe Regional

[185] 2016 Ongoing P2P3M Europe and Asia Consumer/prosumer

[186] 2017 Ongoing EnerChain Europe Wholesale market

[187] 2018 Ongoing American PowerNet HQ USA Wholesale market

[188] 2018 Ongoing BCPG Apartment Microgrid Thailand Microgrid

[189] 2019 Ongoing Brixton Energy UK Consumer/prosumer

[190] 2019 Ongoing Wongan-Ballidu P2P Australia Wholesale market

FIGURE 8 Classifications of demand-side management strategies.

on the demand side to achieve power system reliability and
reduce the consumers’ electricity bills, operational cost of elec-
trical power generation, transmission, and distribution, and the
peak hours’ demands [191]. Further, they contribute to reduc-
ing carbon emissions and energy consumption and delaying
the investments in upgrading the electrical grids by optimiz-
ing the energy use [16]. Several objective functions of the DSM
strategies will be discussed below with an explanation of the
implementation of power system components and required
infrastructure. The DSM strategies aim for loss reduction and
scheduling (direct or indirect), which can be classified into four
categories as follows:

∙ DR: can be physical DR or market programs which con-
tribute to adjusting the load consummation for short-term
periods by the demand-side resources or implementers in
response to the variations of the energy prices(tariff), as will
be discussed in detail below.

∙ On-site back-up (spinning reserve:): In response to any
power delivery disturbances or other power quality issues, the
spinning reserve equipment is considered as a backup power
that can provide quick support to ancillary services of the
distribution network operators [32]. It can be classified into
primary and secondary stages. In the primary stage, the power
exchange is regulated using frequency or voltage regulation
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16 MOUSA ET AL.

tools, while the secondary stage uses the power supplemen-
tary units. Regarding the power supplementary units, they can
be DERs, small DGs, ESSs, or EV charging stations [24].
Furthermore, the loads and virtual power plants can regulate
their power consumption whereas power quality issues occur
until sustaining the normal power system operation.

∙ Strategic load growth: this strategy encourages the con-
sumers to increase their load consumption whereas the power
system stability and reliability are required to be maintained to
sustain normal operation.

∙ Energy efficiency: it is considered the cheapest option to
regulate or schedule the load consumption by motivating the
end-users to modify their load demand level and usage pat-
terns in response to energy markets and utility measures [192,
193]. The end-users can use energy conservation strategies
which aim to reduce the use of unnecessary equipment to
save energy without influencing a better level of service or
life. Also, the high-efficiency equipment can be implemented
for the same purpose.

Various implementers have the responsibility to establish and
regulate the DSM strategies. Consumers are considered impor-
tant contributors through regulating and scheduling their load
consumption level or patterns to achieve the required power
quality. The utilities and DSOs are considered primary imple-
menters of DSM strategies who regulate the operation of power
systems in terms of DR programs, protocols, and policies. All
implementers of DSM strategies are crucial for ensuring the
reliable and efficient operation of MPSs.

3.2 Flexible DSM resources

Besides the previous PSF resources, there are some essential
resources that are extensively implemented in DSM strategies
which can be grouped into DSO’s flexibility resource and end-
users’ flexibility resource. Hence, the end-users’ group involves
various flexibility resources such as flexible loads, distributed
ESSs, EVs, pre-cooling and thermal systems, DERs, and active
consumers or prosumers.

3.2.1 Flexible loads

The load types for the residential, commercial, and industrial
applications can be classified into elastic, and non-elastic types
[192]. The non-elastic loads (inflexible) cannot be adjusted and
controlled by the utilities or DSOs without causing service inter-
ruption for the end-users such as lighting, whose usage is based
on request at specific times. In contrast, the elastic loads (flex-
ible) can be controlled or scheduled by smart grids or utilities
in response to energy market signals or the utility operation
community. They can be shifted from peak demand periods to
off-peak periods such as washing machines which cannot effect
on the customer demand level pattern and can reduce the utility
stress. Hence, the flexible loads can be regulated based on the
consumption patterns, and energy market signals which can be

classified into main groups: time shiftable loads, power shiftable
loads, thermal loads, and critical loads or urgent. These groups
are important for applying for DR programs as a sort of DSM
strategies, as will be discussed below.

There are different techniques for load profile management
and modifications which are essential to reduce the consump-
tion bills and peak demands to achieve the power system
reliability and stability, as summarized in Table 8.

3.2.2 Distributed energy storage systems

As previously discussed in Section 2.6.2, the ESSs play an
important role in supporting the DSM strategies with the avail-
ability of various types and innovation control techniques. The
ESSs can be classified as follows:

∙ Fixed ESSs: involve electrical ESSs (such as supercapacitors
and superconductors), mechanical ESSs (such as flywheel
and compressed air), electromechanical ESSs (such as battery
ESSs and fuel cells), and others.

∙ Movable ESSs: such as EVs (battery EV, plug-in hybrid EV,
and hybrid EV).

Nowadays hydrogen ESSs are used extremely as the coun-
tries’ directions towards the low carbon energy transition to
reduce the harmful effects of conventional energy sources on
the environment, as will be discussed below.

3.2.3 Electrical vehicles

By regulating their charging and discharging periods, the EVs
with their various types can be robust resources of the DSM
strategies [192]. In reference [194], the EV charging topologies
are discussed, which can be considered as ancillary services and
domestic services. Detailed investigation of the EVs as a DSM
strategy is highlighted in reference [31].

3.2.4 Other DSM resources

∙ Pre-cooling and thermal systems: the EHs have the ability
to manage the various DERs, ESSs, MESs, and EVs to pro-
vide electrical, thermal, and cooling demands. Thereby the
pre-cooling and thermal systems (controlled loads and ESSs)
can support the system flexibility and reliability according to
variations in load consumptions and energy market prices, as
discussed in references [195–197].

∙ Distributed energy resources: the DERs can be installed
to deal with peak demands as they quickly respond and
are less expensive compared to installing new generation
stations to only supply peak periods. Which can be clas-
sified into dispatchable and non-dispatchable DERs. The
non-dispatchable energy resources cannot be controlled by
operators according to continuous variation in their avail-
ability such as wind energy. In contrast, other dispatchable
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MOUSA ET AL. 17

TABLE 8 Load management techniques.

Load technique Description Presentation

Peak clipping To prevent power system interruption, this technique is used to restrict the
peak demand within acceptable limits because of insufficient generations
and being expensive to install new generation units or plants.

Valley filling Consumers are encouraged to increase their power demands in off-peak
periods because of low energy prices.

Load shifting Consumers are encouraged to shift their power demands from peak
periods to off-peak periods because of low energy prices. Which can be
considered as a combination of valley filling and peak clipping techniques.

Flexible load shape The load pattern of willing consumers is modified and controlled by their
electricity providers through DR programs over all time periods. Which
can be considered as a combination of valley filling, load shifting, and peak
clipping techniques.

Strategic conservation
(load reduction)

It is a less expensive option by motivating the end-users to modify their
load demand level and usage patterns in response to energy markets and
utility measures. Moreover, it is achieved by reduction in the use of
unnecessary equipment and implementing high-efficiency equipment to
save energy without influencing the better level of service or life.

Strategic load growth It is a part of DSM strategies in which the consumers are motivated to
increase their load consumption whereas the power system stability and
reliability are required to be maintained to sustain normal operation.

sources can be controlled and scheduled in response to DSM
strategies such as hydroelectric power and biomass energy
sources.

∙ Active consumers or prosumers: in this situation, the con-
sumers have the choice to respond to the DSM strategies and
electrical prices by altering their demand profile through var-
ious load management techniques. Moreover, the prosumers
can support the DSM strategies by providing their extra

power generation to the utility grids at peak periods such as
homes with roof-top PVs or EV batteries.

3.3 DSM requirements

The DSM strategies have the same requirements of the PSF to
be implemented which can be grouped into monitoring systems,
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18 MOUSA ET AL.

communication systems, and standards and protocols. The
monitoring systems consist of several instruments and tech-
nologies to monitor, detect, and control the variations of various
variables such as smart meters, advanced/automatic metering
infrastructure, smart appliances, smart EV plugs, and smart sen-
sors. To transfer the collected data from the monitoring systems
to system operators or consumers, robust communication sys-
tems can be wired or wireless topologies with various sorts,
as discussed previously. Hence, the control schemes can regu-
late the generation and demand based on the DSM strategies
within applied policies, protocols, and international standards
of energy consumption, generation, and market. All these
requirements are discussed extensively in references [30–32].

4 DEMAND-SIDE FLEXIBILITY:
ESTIMATION AND MANAGEMENT

Here, the mathematical modelling of various power system
components is investigated. Moreover, the DSM indices and
factors are considered with the aid of a combination of objective
functions and constraints that should be carefully stated. Then
the estimation, enhancement techniques, and control methods
for various DSM applications are discussed.

4.1 Mathematical modelling

For estimation of the PSF, it is essential to express the technical
behaviour of various power system components mathemati-
cally that can support the PSF, as a function of parameters,
inputs, output, and operational boundaries. These expressions
can be used in various optimization methods to estimate the
PSF [198–200]. So, various studies have used various model pre-
sentation methods such as white-box, grey-box, black-box, and
operational boundaries models [34]. In white-box, presentation
is dependent on physical equations without any experimental
data, so there is a lack of studies applying it. While the grey-
box models require both physical equations and experimental
data. In contrast, the black-box models generate mathemati-
cal equations that are not based on physical laws, but use data
and approaches, data-driven methods, to present and predict
the system behaviour based on measurements or observations.
In operational boundaries models, the system behaviour is
expressed abstractly based on inequalities that restrict the power
flow of various energy resources to their operational boundaries.
Here, the mathematical models of the most important compo-
nents such as EVs/ESSs, wind turbine, PV, thermal storage, and
loads, are presented in terms of only grey-box, black-box, and
operational boundaries models in Table 9.

4.2 DSM indices

For DSM analysis, several indices are applied which can be clas-
sified into energy management based or energy market based.
In load management based, the DSM indices can be formulated

as a function of several factors such as load factor, as concluded
in Table 10. While the energy market-based indices express the
DSM indices associated with the energy cost such as Lerner
index, as summarized in Table 11.

4.3 Objective functions and constraints

There are several objective functions used in optimization prob-
lems which the DSM strategies should deal with under specific
constraints of various power system components. First, the
objective functions can be classified into technical, regulation,
and market objectives. The most important functions can be
summarized as follows:

∙ Achieving optimal power system planning and the energy
balance between generation and demand.

∙ Optimization of the capacity and location of various compo-
nents such as ESSs, EVs, DGs, PV, and so on in order to
improve the power quality.

∙ Enhancing the power quality (voltage violation, frequency
regulation, harmonics, etc.).

∙ Minimization of the operational and implementation costs.
∙ Reduction in energy consumption costs.
∙ Increasing the benefits for DSO and prosumers.
∙ Reduction of the bad environmental impacts and carbon

emissions.
∙ Decremental and modifications in load consumption pat-

terns.
∙ To decline the tariff on electricity.
∙ To minimize T&D losses.
∙ To integrate new technologies without bad influences on the

utility grids.

To accomplish the previous objectives, it is crucial to have
accurate specifications of the constraints of various power sys-
tem components. Which can be classified into the power system
constraints and equipment constraints. In the power systems
constraints, the general limits of the power system are specified
such as power generation and demand, line voltage and fre-
quency limits, or thermal overloading constraints. On the other
hand, the constraints of various integrated components such as
EVs, ESSs, or DERs, should be accurately indicated in terms of
charging or discharging limits, energy exchange limits, and other
operation and technical limits. Other constraints can be defined
by the system operators such as energy market constraints (tar-
iff). These objective functions with constraints should be stated
significantly for DSM strategies.

4.4 Estimation and forecasting approaches

As discussed in Section 2.5, there are several estimation and
prediction approaches for the PSF which are also used for
various DSM strategies in both the DSO and end-user flex-
ibilities. It is worth mentioning that these approaches are
mainly dependent on both the information interaction between
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MOUSA ET AL. 19

TABLE 9 Mathematical modelling of various power system components [34, 198, 200].

Element Grey-box (GB) models Black-box (BB) models

Operational boundaries

(OB) Studies

Utility
grid

NAN Pout (t ) = 𝜂 ∗ Pgrid(t ) P (t )min ≤ P (t ) ≤ P (t )max ∙ BB: [201]
∙ OB: [202]

EVs or
ESSs

SOC (t + Δt ) = SOC (t ) +
P (t )charge ∗ 𝜂charge ∗ Δt

C
−

P (t )discharge ∗ Δt

C ∗ 𝜂discharge
∙ E (t )min ≤ E (t ) ≤

E (t )max

∙ P (t )min
rated ≤ P (t ) ≤

P (t )max
rated

∙ GB: [203, 204]
∙ BB: [205, 206]
∙ OB: [207, 208]

Wind
turbine

P (𝜔(t ))wind =⎧⎪⎪⎨⎪⎪⎩

Pout ∀ 𝜔rated ≤ 𝜔(t ) ≤ 𝜔cut out

a + b ∗ 𝜔(t ) + c𝜔2
cut in

𝜔rated − 𝜔cut in
∗ Pout ∀ 𝜔cut in ≤ 𝜔(t ) ≤ 𝜔rated

0 ∀ 𝜔(t ) ≤ 𝜔cut in or 𝜔(t ) ≥ 𝜔cut out

P (𝜔(t ))wind =⎧⎪⎪⎨⎪⎪⎩

Pout ∀ 𝜔rated ≤ 𝜔(t ) ≤ 𝜔cut out

𝜔(t ) − 𝜔cut in

𝜔rated − 𝜔cut in
∗ Pout ∀ 𝜔cut in ≤ 𝜔(t ) ≤ 𝜔rated

0 ∀ 𝜔(t ) ≤ 𝜔cut in or 𝜔(t ) ≥ 𝜔cut out

P (t )min ≤ P (t ) ≤ P (t )max ∙ GB: [209]
∙ BB: [206]
∙ OB: [206]

PV Pi (t ) = PVarray ∗ d f PV

(
Si (t )
Si,STC

)
∗

[1 + 𝛼 ∗ p ∗ (Tc − Tc,STC)]

Pi (t ) = Pinstalled ∗ 𝜂inv

(
Si (t )
Si,STC

)
P (t )min ≤ P (t ) ≤ P (t )max ∙ GB: [203]

∙ BB: [210]
∙ OB: [205]

Thermal
storage

H%(t +Δt )
th = (1 − 𝜘 )% ∗ E (t )

th + Q̇ (t ) ∗ 𝜂charge ∗Δt −
Q̇ (t ) *Δt

𝜂discharge
E (t )min ≤ E (t ) ≤
E (t )max

∙ GB: [211]
∙ BB: [203]
∙ OB:[212]

Other
DGs

NAN Pout (t ) = 𝜂 ∗ PDG(t ) P (t )min ≤ P (t ) ≤ P (t )max [12]

Loads Can be presented by constant power, constant impedance, and mixture. [199]

Note: All parameters and abbreviations are found in references [34, 198, 200].

individuals and corporations, and the utilized timescale. The
conventional approaches such as deterministic, stochastic, and
time series approaches, are applied in DSM strategies with sev-
eral objective functions and constraints due to their compact
simplicity and low computational time compared to advanced
approaches. However, these approaches struggle to accom-
plish realistic operations with an increased number of scenarios
and variables. Hence, some DSM studies apply them consider-
ing the stochastic behaviours of RESs and EVs in references
[104, 105].

In the modified approaches (optimization based, hybrid, and
other), the limitations of the conventional ones are reduced
using a robust framework with a high number of operational
scenarios however the computational time and the complex-
ity are still challenging aspects. Several approaches are used
for day-ahead financial planning of thermal units and RESs
in references [168, 214]. Others are applied to optimize both
the location and capacity of ESSs in microgrids or EHs [204,
208, 215]. Although data-driven methods are applied exten-
sively nowadays, these approaches still need more developments
to handle obstacles such as required extreme data availability,
infrastructure ability, tools’ performance, operators’ judgment,
and others. However, these approaches have given promis-
ing results in several performed studies such as residential
energy management aspects in references [109–111, 207]. These
approaches are used for the estimation of the PSF as well as
the prediction of the system behaviour over upcoming time
horizons, through several software and frameworks such as
MATLAB, OpenDSS, and others.

4.5 Control methods

Here, the control methods and levels are discussed to deal
with the state or data gained from various power system
components and take necessary actions to achieve the DSM
strategies [216–218]. In the power system operation, the control
strategies are divided into four control levels based on plan-
ning aspects and ordered response actions: local, secondary,
central/emergency, and global [218]. The local control level
regulates the primary frequency or power quality issues of the
generators to respond to any energy interruptions due to an
unbalance between generation and demand and to restore nor-
mal operation after these disturbances. While at the secondary
control level, the system sustains its reliability after occurred dis-
turbances in a few minutes by the authority control computer
using load-frequency control or automatic generation control.
In case of large disturbances and blackouts, the central or emer-
gency control level is used by system operators. For long-term
planning, the global control level is used to deal with the energy
market objectives, the extension of T&D systems, integration
of RESs, DERs, ESSs, etc. Regarding the data and control
actions flow through the communication systems, the previ-
ous control levels can implement centralized, distributed, and
decentralized control based on the communication structure,
as discussed in detail in reference [218]. Moreover, the various
applied controllers can be conventional such as proportional-
integral-derivative (PID) controllers, non-linear controllers such
as sliding mode controllers, predictive controllers, such as model
predictive controllers, and AI controllers, as investigated in
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20 MOUSA ET AL.

TABLE 10 Demand-side management indices based on load management factors [213].

SR. DSM index Definition Generic Formulation

1. Demand factor (DF) ‘The peak load demand divided by the average
available electrical power during a specified time
span’ [213].

DF
Δ
=

P
ti∼t f

peak ∗ (t f − ti )

∫
t f

ti
PG (t )dt

2. Utilization factor (UF) ‘The average supplied electrical power divided by
the peak load demand during a specified time span’
[213].

𝛾UF
Δ
=

∫
t f

ti
Ps (t )dt

(t f − ti )

P
ti∼t f

peak

3. Load factor (LF) ‘The average load consumption divided by the peak
load demand during a specified time span’ [213].

LF
Δ
=

∫
t f

ti
P (t )dt

(t f − ti )

P
ti∼t f

peak

4. Capacity factor (CF) ‘The average supplied electrical power divided by
the maximum suppliable electrical power during a
specified time span’ [213].

𝛾CF
Δ
=

∫
t f

ti
Ps (t )dt

(t f − ti )

Pmax
G

5. Delivery factor ‘The supplied power divided by the available energy
resource capacity’ [213].

𝛾delivery
Δ
=

Ed

Pmax
G

∗ (t f − ti )

6. Regulation factor ‘The energy demand divided by the available energy
resource capacity’ [213].

𝜌
Δ
=

Edemand

Pmax
G

∗ (t f − ti )

7. Adequacy coefficient It is a function of the regulation factor. 𝜆
P

ti∼t f

peak

Δ
= f̃

𝜌
S
−˜

f
𝜌−1

S

8. System productivity (SP) ‘The adequacy coefficient multiplied by the
delivered energy divided by the available energy
resource capacity’ [213].

SP
Δ
=

Ed ∗ 𝜆
P

ti∼t f

peak

Pmax
G

∗ (t f − ti )

9. Energy Productivity (EP) ‘The useful energy divided by the available energy
resource capacity’ [213].

EP
Δ
=

Eu

Pmax
G

∗ (t f − ti )

10. DSM index (DSMI) ‘The adequacy coefficient multiplied by the useful
energy divided by the available energy resource
capacity’ [213].

DSMI
Δ
=

Eu ∗ 𝜆
P

ti∼t f

peak

Pmax
G

∗ (t f − ti )

Note: All parameters and abbreviations are found in reference [213] with their relations.

references [217–219]. In references [218–221], various data-
driven controllers are investigated as tools and applications for
achieving power system operation and control.

4.6 DSM enhancement techniques and
applications

To manage and improve the PSF on the demand side, the var-
ious DSM strategies and resources are applied into the MPSs
based on generation techniques (DERs and RESs) and load
management strategies (load shifting, peak shaving, and load
shedding), as discussed previously. Further, the DR programs
are utilized for energy scheduling to achieve economic bene-
fits such as time-of-use pricing, critical peak pricing, and direct
load control. Other new technologies and instruments with suf-
ficient communication infrastructure are used in smart homes
that have the capability to support the PSF. Both the EVs and
ESSs also have the ability to enhance the PSF at the demand-
side level, especially in high peak demand. Nowadays, the EH

systems using the various types of MESs, DERs, ESSs, and
others, are used to optimize the electrical, thermal, and cool-
ing demands to reduce the cost and achieve the optimal power
flow operation that in turn enhances the PSF. Other control
schemes and components (FACTs) can be applied to various
system levels to enhance the PSF, as discussed previously. So,
several studies have been implemented in the MPSs based on
the DSM strategies, as summarized in Table 12.

5 DEVELOPMENTS IN DR PROGRAMS

The DR program is a significant DSM strategy that deals with
load reduction and scheduling of willing consumers over various
time periods as a response to variations in the energy market,
achieving benefits for the consumers and sustaining the normal
power system operation, as investigated in reference [32]. This
section highlights the latest developments of DR programs in
terms of various classifications, implementation requirements,
benefits and challenges, and their applications.
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MOUSA ET AL. 21

TABLE 11 Demand-side management indices based on energy market indices [30].

SR. DSM index Definition Generic formulation

1. Herfindahl–
Hirschman index
(HHI)

‘It is defined as market
competitiveness
regarding the number
of participants and
market inequality’ [30].

HHI =
N∑

i=1

S 2
i

2. Lerner index (LI) ‘The percentage
markup of a farm’s
ability to charge over its
marginal cost’ [30].

L Ii = (Pi − MCi )∕Pi

3. Must run ratio
(MRR)

‘It is defined as all
generation capacity
information of the
generating company to
generate the required
amount of energy
demand through a
transmission congestion
zone considering all the
line constraints’ [30].

MRR =
Pd − Pl −

(∑Ng

j=1 Pgi.max −
∑NgA

j=1 Pgi.max

)
∑NgA

j=1 Pgi.max

4. Must-run share
(MRS)

It is based on the
variation of market
power to demand level.

MR Sk =
Pgmust

k

Pd

5. Nodal must-run
share (NMRS)

It is defined as the MRS
at each bus or node.

NMR Sk,i =
Pgmust

k,i

Pdi
∀ i = 1, 2, 3… ,N

Note: All parameters and abbreviations are found in reference [30].

FIGURE 9 Classifications of demand response programs.

5.1 DR classifications

In Figure 9, the various classifications of DR programs are
depicted in terms of motivations, control strategy, decision
variables, electrical resources, and requisites.

5.1.1 Motivations

The DR programs can be classified based on the motiva-
tions which can be incentive based (explicit) and price based
(implicit) [17], as shown in Figure 10. In an incentive-based
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24 MOUSA ET AL.

FIGURE 10 Classification of demand response (DR) programs based on motivations. (a) Explicit DR program. (b) Implicit DR program.

DR program, the consumers are encouraged to the load con-
sumption scheduling (load reduction) over certain time periods
or deliver an extra amount of their own generation to the
unity in order to achieve beneficial profits (payments). While
in the price-based DR programs, consumers voluntarily provide
load reductions in response to economic signals. In Table 13,
the various techniques of DR programs based on motiva-
tions are summarized with sufficient description and some
studies.

5.1.2 Electrical resources

Various electrical resources are used to support DSM and
DR such as flexible loads, DERs, EVs, and ESSs, as dis-
cussed previously. The virtual ESSs were applied for optimally
scheduling the demand response of thermostatically controlled
loads (TCLs) to ensure the generation–demand balance [137].
Another optimal energy management framework was investi-
gated for microgrids to schedule the demand response of TCLs
in the presence of a DR program based on DLC, DERs (RESs),
ESSs, and EVs [273], while in reference [274] the integration of
hybrid RESs and ESSs is considered to optimize the demand
response in the microgrids. The role of flexible loads in the
DR program (load shifting and transfer) was investigated for
optimal scheduling of microgrids considering the power qual-
ity constraints [275], and with the aid of the battery ESSs, the
flexible loads were utilized for the same objective in reference
[276]. Other studies considered the influence of EVs, hydrogen
ESSs, RESs, EH systems, and DERs, as important resources to
support the DR programs [277–284].

5.1.3 Decision variables

To specify the suitable DR methods and their impact on the
consumers and the DSOs, another classification is conducted
based on decision variables for using DR programs which can
be energy management or task scheduling variables [148]. In an
energy management scheme, the regulating of power exchange
among various power system components is an important
variable for DR programs; while task scheduling controls the
operation patterns of various appliances based on time, value,
capacity, and location, to support the DR program. Various
decision variables can be used with association to electricity
price, appliance schedule, controlling indoor temperature, and
load and weather data.

5.1.4 Control strategy

The DR program can be categorized based on the applied
control strategy to process the state or data gained from var-
ious power system components and take necessary actions to
achieve the DSM strategies and DR program [216–218]. As
discussed in Section 4.5, centralized, distributed, hybrid, and
decentralized control strategies can be implemented as the
communication structure for data flow and control actions
among various control levels [218]. In reference [285], the
techno-economic constraints were considered in the optimiza-
tion algorithms for the local and coordinated control schemes
of the DERs. Other studies considered various control schemes
for acquiring the optimal energy management in references
[286, 287].
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MOUSA ET AL. 25

TABLE 13 Classifications of demand response programs based on motivations.

Type Technique Timescale Description Applications

Incentive Direct Direct load
control (DLC)

Less than 15 min The utility or aggregators manage the energy
demand of some appliances of the end-users
without pre-notifications about interruption to
reduce the net load consumption.

[231–236]

Interruptible
load/reduced
rates (IL)

Day of economic
dispatch

The consumers receive payments to reduce their
load consumption on request.

[237–240]

Indirect Emergency DR
programs
(EDRP)

The consumers receive incentive payments by
voluntarily reducing their load consumption to
sustain the power system reliability in emergencies.

[241–244]

Demand bidding
programs (DBP)

Day-ahead
economic
scheduling

For large-scale consumers (more than 1 MVA), they
choose voluntary reduction of their consumption
and saving costs in response to DR situations.

[241–247]

Capacity market
programs (CMP)

6–12 months of
operational
planning

Consumers offer load curtailments as reserving
capacity to swap the conventional generations or
DERs.

[226, 248, 249]

Ancillary
services (AS)

Consumers receive payments from system
operators for load reductions or power generations
to support the power system’s reliability on request.

[250–252]

Time based, price based Time-of-use
(ToU) pricing

Various fixed daily pricing blocks are offered at
different consumption levels (on/mid/ off-peak,
consumption in holidays, and various seasons). The
tariffs are kept higher during peak periods, and the
opposite during low levels of consumption.

[253–258]

Real-time pricing
(RTP)

Day-ahead
economic
scheduling
(dynamic pricing
every 15 min)

It is a dynamic pricing strategy in which the tariffs
are varied continuously based on the energy market
signal and usage patterns.

[204, 259–263]

Critical peak
pricing (CPP)

Day of economic
dispatch

At large load consumption (higher 20 kW) at the
critical periods, the TOU is replaced with CPP to
motivate consumers to shift their demands outside
critical periods. The CPP is considered a hybrid of
RTP and TOU.

[264–268]

Inclining block
rate (IBR)

Different levels of tariffs are applied. For low load
consumption, the low level of tariffs is considered.
In contrast, in higher consumption, the higher
tariffs are applied as a sort of penalty-based pricing.

[269–272]

5.1.5 Requirements

Besides the above-mentioned discussion about the require-
ments of PSF and DSM, this section discusses in brief
important requisites for the DR program [29], which can be
summarized as follows:

∙ Suitable infrastructure including various required compo-
nents, monitoring and metering instruments, and communi-
cation systems.

∙ Classification of the appliances and load types that are
convenient to participate in the DR program.

∙ Classifications of consumers and electrical demands in the
utility network.

∙ Advanced energy management and control systems.
∙ Declaration of the willing participators in the DR program

along with achieving beneficial profits.

∙ Robust planning and commissioning strategies.
∙ Policies and regulations.
∙ Ancillary services and regulatory measures.

5.2 DR benefits and challenges

To sum up, Table 14 highlights the various benefits and chal-
lenges of DR programs associated with system operators,
end-users, and the environment.

5.3 Practical/simulation implementations
of DR

In reference [17], an extensive study about the international
experience and applications of DR programmers was presented.
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26 MOUSA ET AL.

TABLE 14 Benefits and challenges of demand response programs associated with system operators, end-users, and environment.

System operators End-users Environment

Benefits ∙ Improving grid reliability and flexibility.
∙ Improving the overall operation of electricity markets.
∙ Increasing the reputation and competition among different

energy providers.
∙ Increasing energy efficiency.
∙ Achieving the balance between generation and demand.
∙ Reducing energy costs.
∙ Reducing the transmission and distribution losses.
∙ Applying innovative technologies in various levels of utility.
∙ Reducing the investments in new infrastructure or

upgrading the system with new generations.
∙ Improving other technical and economic aspects.

∙ Reducing the electricity bills.
∙ Improving grid reliability and

flexibility.
∙ Reducing or maintaining rates and

ensuring more reliable service.
∙ Socio-economic benefits.

∙ Reducing the greenhouse and
climate change impacts.

∙ Reducing carbon emissions.
∙ Maximizing the usage of clean and

sustainable energy resources.
∙ Achieving a well-being life for the

community with good health status.
∙ Reducing the use of fossil fuels that

cause pollution, and harmful
health-related and environmental
effects.

Challenges ∙ Old available infrastructure.
∙ Data privacy and security.
∙ Integrating new technologies such as EVs, ESSs, and DERs.
∙ Coping with the continuous development in energy markets.
∙ Stating proper DR programs, regulations, and policies for

various types of consumers.
∙ Regulating the dynamic pricing in energy markets.
∙ Enabling communication technologies.
∙ Control technologies.

∙ Data privacy and security.
∙ Consumer behaviours and

consumption patterns.
∙ Provide the required awareness for

consumers about DR programs,
regulations, and policies.

∙ Changing the consumption patterns
in energy consumption scheduling.

∙ Hard geographical locations for
installing new technologies and
upgrading old systems.

∙ Uncertainties and availability of
RESs.

∙ Long-term climate predictions.

It is shown that various countries applied the DR programs
as PTP energy markets such as Europe countries, the United
States, Canada, Japan, and others. That established various
projects as investigated previously in Table 7. In reference [288],
the study presents renewable energy targets for nine countries
based on their development levels and evaluates policies and
incentive programs aimed at increasing renewable energy shares.
It provides a detailed examination of the renewable energy pro-
motion programs, DSM activities, and ESS incentives in these
countries.

With the widespread of DR programs, several studies have
been implemented to investigate the impacts of DR programs
on system operators, end-users, and the environment in terms
of various obligations and objectives such as optimal load
scheduling to minimize cost and emissions and improve system
reliability. These studies have been established based on real data
of various systems and different strategies of DR programs, as
concluded for recent studies in Table 15.

6 MPS-BASED DEMAND-SIDE
FLEXIBILITY MANAGEMENT

Nowadays, the operation of MPSs, especially in DSM strate-
gies, involves several advanced technologies and components
to achieve the system reliability and stability to accom-
plish the energy transition concept towards a better social,
healthful-economic environment, as mentioned below.

6.1 Energy hubs with multi-carrier energy
systems

In order to supply the electrical, cooling, and thermal demands
for consumers with high efficiency and low cost, the EHs

with MESs are applied extensively in the MPSs in response
to the increased integration of various DERs, ESSs, EVs, and
flexible loads [100]. It is worth mentioning that the EHs are
considered an open framework to apply the DR programs and
strategies efficiently and significantly to achieve profits for both
DSO and consumers, minimization of carbon emission, and
implementation cost of new generation plants or upgrading old
infrastructure, achieving system reliability, and other benefits, as
discussed previously. In references [289, 290], the power qual-
ity issues are considered by optimal scheduling of the increased
integration of ESSs and EV charging systems in their capacity
and location to minimize the cost and achieve system reliabil-
ity. Hence, various DSM strategies are applied to overcome the
bad influences of increased penetration of DERs, EVs, etc., and
realize the optimal operation of MPSs, as discussed in references
[291–294]. Although there is rapid development of the EHs,
some limitations of EHs should be considered in the research
studies such as challenges for applying low carbon resources,
system location with available energy sources and transport
grids with their costs, etc., as investigated in reference [100].

6.2 Integrated community energy systems

Integrated community energy systems (ICES) are developed
as a solution to the challenges of maintaining the reliability
of MPSs due to the increased integration of new industrial
technologies, EVs, ESSs, etc., for providing various energy
demand sorts regarding social-economic, and environmental
directions towards expanding the use of clean and sustain-
able energy sources. The ICESs not only provide the required
energy demands in local communities but also have the ability
to offer ancillary services on request for the utility grids. The
state of the art of the ICESs was investigated comprehensively
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TABLE 15 Selective studies of demand response program applications in the modern power system.

Ref. Year System configuration Technologies

DR

program

Estimation

approach Software Objective function

[248] 2019 Smart households Load aggregators CMP DT – Optimal load scheduling

[226] 2020

[251] Smart grid Energy market AS Opt. – Improve reliability

[238] Industrial environment Cement
manufacturing
components

IL, ToU Maximum profit, reduced
consumption, and reliability

[246] 2021 EV aggregators, RESs, flexible loads DBP GAMS

[252] IEEE 39 bus model Battery ESSs, PV, and
others

AS Powerfactory Achieve a balance between
power generation and load
demand

[273] 2022 Smart microgrid EVs, ESSs, RESs,
flexible loads

DLC Opt. GAMS Consumption reduction,
energy losses reduction,
reliability

[234] 136 real-world residential
users in Austin

Load aggregators,
appliances, smart
meters

DT CEI-DR framework Reducing the load
consumption, minimizing
cost and emission, and
reliability[242] IEEE 24-bus test system Load aggregators EDRP Opt. –

[243] Five load aggregators MATLAB Maximum profit, reduced
consumption, and reliability[247] Load aggregators DBP Opt., DT Tensorflow, Python

[270] IEEE 123-bus system DERs, ESSs, load
aggregators,
appliances, smart
meters, others

IBR Opt. MATLAB

[204] Microgrid WT, PV, ESSs, DERs,
flexible loads, others

RTP NSGA-II Optimal load scheduling,
cost minimization

[260] Modelling of smart grid with various components
(ESSs, DERs, etc.), and 1000 consumers with their
home appliances

RTP, ToU GAMS Optimal load scheduling,
cost minimization, achieve
privacy and comfort of users

[261] Real-world traces EVs RTP – Minimize the total charging
cost

[263] 2023 Industrial environment DT PyGAD Maximum profit, reduced
consumption, and reliability[271] Smart household with appliances IBR Opt. –

[256] 80 households in Texas Load aggregators,
ESSs, PV, others

ToU GAMS Cost savings

[257] Microgrid PV, ET, ESSs, DERs,
others

HOMER Reducing the load
consumption, minimizing
cost and emission, reliability

[258] Smart household with appliances MATLAB Offers optimal scheduling to
decrease the overall energy
expenses, peak-to-average
power ratio, improve system
load factor

[266] Distribution company (DISCO) CPP – Maximum profit

[267] Households in Ottawa DLC, ToU,
RTP, CPP

Survey and statistics Observes the effect of
personal, socio-economic
properties and
environmental awareness of
households

[268] Data of industrial park in Guiyang City CPP Opt. NSGA-II Reducing the load
consumption, minimizing
cost and emission, reliability

Abbreviations: Con, conventional algorithms; DT, data-driven algorithms; Opt, optimization algorithms.
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28 MOUSA ET AL.

according to resources, energy services, technologies, imple-
mentation, adaptation, and benefits [295]. The key to the
implementation of ICESs started from the widespread use of
energy communities in the MPSs such as community micro-
grids or smart grids, virtual power plants, and EHs. That can
be categorized based on different aspects, for instance,

∙ Activities: local generations, energy storage, power exchange,
and DR.

∙ Grid connection: grid-connected or islanding mode.
∙ Location and scale: large or small, urban or rural.
∙ Initiatives: citizens, companies, and governments.
∙ Technologies involved: local generation (individual or com-

munity based) and DSF management.

So, the ICESs are defined as approaches for energy man-
agement of power systems involving various generation sources
(RESs and DERs) and energy demands (thermal, cooling, and
electrical) in the presence of new technologies such as ESSs,
EVs, and MESs, based on the available infrastructure in com-
munities and DSM strategies to accomplish long-term planning
and minimizing the energy costs, increasing reliability, and eradi-
cating the bad environmental impacts [296]. The DSM strategies
and DR programs play a crucial role in establishing the ICESs
by using the flexible loads, thermal loads, aggregators of EVs
and ESSs, and signals of energy markets. Although providing
the required ancillary services efficiently, several challenges are
still raised such as cost allocation and social acceptance.

6.3 Blockchain-based management
technologies

Nowadays, the blockchain (BC) concept is widespread in differ-
ent energy systems as it is applied to DR programs and DSM
strategies, P2P energy trading, EVs, microgrids, smart grids,
DERs, and energy management systems, as investigated in refer-
ence [297]. To enhance the operation performance of the ICESs
due to the increased penetrations of new industrial energy tech-
nologies in the MPSs, the BC based on DR programs and
DSM strategies are used. It is defined as a decentralized and
secure energy management system that permits the end-users to
actively participate in the energy market through regulating their
energy demands in response to the signals from energy markets
and the utility grids [298]. Also offers improved coordination
and communication among system operators, grid components,
end-users, and the energy market. The BC technology offers
some important objectives for the MPSs such as,

∙ Decentralized energy management: by enabling the dis-
tributed control approaches to manage the DR programs
with protected and temper-proof storage of acquired data
from all system components and meters [299].

∙ Energy efficiency: optimizing the energy consumption of
the end-users corresponding to energy market signals which
enhances energy efficiency and system reliability [300].

∙ Incentive mechanisms: it can provide the end-users with
potential cost savings and incentives offered by the energy
market. Thus, the BC technologies provide a decentralized
platform for DR programs ensuring the protection of con-
sumers’ privacy, energy data, and their contracts. As it exhibits
a safe and transparent platform for P2P energy trading and
consumption data [298].

Several researchers studied the application of decentralized
BC technologies in bidirectional selection between the DR
users and the aggregators based on the reputation aspects and
behaviours [301]. Another study proposed a P2P energy trad-
ing system between EVs and system operators to provide the
demand response [302].

6.4 Demand-side flexibility aggregation

The aggregators represent a common connecting node between
groups of consumers who have specified energy demand and
the utility grid [27]. Which are considered vital flexibility
resources to ensure the power system reliability as the increased
penetration of new industrial technologies into the MPSs and
MESs. At any power system, several aggregators are found as a
single entity during engaging in the energy market as depicted
in Figure 11, which involves various aggregator types in IEEE
14-bus distribution system (as an example) that support the
DSF [303]. These aggregator sorts can be categorized as
follows:

∙ Generations: involve several generation units such as con-
ventional power plants, DERs, RESs, and other distributed
generation units. Which have good flexibility and economic
characteristics.

∙ Load: includes various load aggregation with different types
such as industrial, residential, and commercial demand
sectors.

∙ ESSs: contain all types of ESSs as previously discussed in
addition to the EV parking lot, and home batteries, which
have very good flexibility and economic characteristics.

∙ EVs: present the EVs that contain ESSs, and the EV park-
ing lot with charging stations, which play a significant role
in supporting the PSF by varying the operation patterns
of EVs.

∙ DR aggregators: facilitate the automated controls for
demands, prosumers’ generations, and instruments based on
the collecting data of monitoring devices of end-users and
signals from DSO and the energy market.

∙ Miscellaneous: can be virtual power plants, ESS, inertia,
reactive power compensation devices (FACTs), etc., that
are responsible for supporting the PSF at any energy
level in response to energy consumption and energy
market.

Various types of aggregators and their development were
investigated in references [22, 304–306].
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FIGURE 11 Demand-side flexibility aggregation types.

6.5 Resilience, robustness, and
cyber–physical concepts in MPSs with DSM

Other important requirements should be found in the MPSs in
cooperation with the PSF. The energy providers not only sup-
ply the energy demands of the consumers with an acceptable
level of power quality and reliability and support the PSF, but
also should ensure the MPSs are resilient, robust, secure, and
cyber–physical power systems. The power system resilience and
robustness concepts describe the power system’s ability to stand
under urgent and strong energy interruptions and to recover
its operational conditions quickly [307]. This is different from
the PSF, which acts as an energy management tool to reserve
the balance between the generation and demand to prevent
interruptions from occurring. Another challenge is highlighted
through applying the DR programs which is how to provide
a secure environment for data transfer among various com-
ponents and protect the consumers’ privacy and consumption
data [308]. So, the cyber–physical concept describes the proce-

dures that have been considered to accomplish these objectives
towards secure and reliable power systems using advanced
sensors, intelligent automation, communication networks, and
DERs. The state of the art of these concepts was investigated
based on the operation of the MPSs in references [309–311].

6.6 Role of demand response on hosting
capacity improvements

The HC concept is defined as the maximum amount of DERs,
EVs, ESSs and other energy technologies that can be added to
the utility grid without causing any disturbances and deteriorat-
ing on the performance indices [312, 313]. In reference [314],
a comprehensive and new concept of HC for MPSs is defined
according to the integration of new industrial technologies and
developments on MPS infrastructure. Hence, the DR program
plays a crucial role in HC estimation and enhancements as it
states the balance between generation and demand by enabling
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30 MOUSA ET AL.

prosumers to adjust their consumption and own generations
according to the maximum estimated value of HC in response to
energy market signals and the operation of the utility grids. So,
it is essential to take the HC value into account during the oper-
ation of DR programs over any timescale. The DR programs
enhance the integration of the new generation and storage units
by optimizing the load consumption to avoid any energy inter-
ruptions which maximize the HC value and reliability of MPSs.
A comprehensive review of DR of HVAC systems as improved
techniques of the HC was investigated in reference [315]. In
reference [316], the DR program combines both load profiles
and a number of integrated EVs in order to enhance the HC
based on the IL technique of the DR program. The dynamic
pricing based on the DR program was applied to optimize the
integration of a large number of EVs and enhance the HC in
reference [317]. Moreover, an optimization framework based on
the DR program (load shifting technique for residential loads)
was utilized to minimize the overall cost and improve the HC
for sustaining the acceptable level of power quality [312].

6.7 Low-carbon energy transition
technologies

Recently, global efforts turned to widely using low-carbon
energy sources to produce the required energy globally instead
of the conventional sources which raises the carbon emis-
sion level into the atmosphere [318, 319]. Hence, several bad
environmental impacts and health conditions have occurred.
Therefore, the energy transition concept has been used to high-
light the transition from conventional sources to low-carbon
sources and RESs since 1977 by USA President Jimmy Carter
after the oil crisis in 1973. One of these technologies is hydrogen
technologies which emerged as a sustainable source to accom-
plish long-term climate goals and net-zero targets, as discussed
previously [320–322]. However, some implementation restric-
tions should be overcome such as cost, required infrastructure,
and decarbonisation.

Moreover, smart energy appliances and heating systems are
becoming more popular tools to enhance energy efficiency and
reduce the cost of energy consumption by regulating energy
consumption based on the utility operation and energy market
signals [28]. There are various examples of them such as smart
appliances (water heaters, HVAC, and smart thermostats) which
are increasingly applied in smart homes and energy management
systems such as EHs.

7 DISCUSSION

7.1 Flexibility energy market

The energy market is considered a type of market which deals
with the energy trade of electricity, thermal, and fuel products,
over various applied sectors such as residential, industrial, com-
mercial and transportation sectors [323]. The energy market can
be classified as regulated or deregulated based on standards and
regulations. Hence, the DR programs are popular in the energy

markets by allowing for optimizing the load consumption based
on the generation amount and energy market prices. Thus, the
energy market involves various approaches for energy manage-
ment based on flexibility measures which can be labelled as a
flexibility market. This is considered a platform monitoring the
utility grid operation and its performance indices and offers
voluntary dispatch of assets for generation, load, and storage,
with compensation established based on applicant bids [16].
As shown in Figure 12, the structure of the flexibility energy
market is depicted which involves the various energy resources
and aggregators that send information to the flexibility market
operators and DSO and receive control signals from aggrega-
tors based on the design making of previous variables such as
balance responsible operator, DSO, and flexibility market oper-
ator. This structure helps to manage the energy balance with an
acceptable cost range over short-term timescales.

According to global energy statistics, the energy market is
projected to significantly progress as energy consumption (elec-
trical, cooling, and thermal) increases. Also, it is anticipated that
energy sources will be cleaner and sustainable sources such as
RESs. So, some future aspects and challenges of the energy
market will be considered as follows:

∙ The global energy crisis and wars such as the Russia–Ukraine
war, make the cost of energy sources higher than normal.
So, it is essential to adopt the energy transition to clean and
sustainable energy sources in various countries’ policies.

∙ The integration of new technologies and energy sources into
the MPSs is a challenging matter that needs to be considered
in the dynamic pricing and DR programs for energy markets.

∙ Expansion use of hydrogen technologies and ESSs requires
more awareness based on the implementation costs and the
required infrastructure besides the available energy sources in
the geographic energy market.

To conclude, the robustness of DR programs is based directly
on various aspects of energy markets such as available energy
resources and their costs.

7.2 Prominent challenges

By application of PSF, DSM strategies, and DR programs, there
are various significant challenges are being highlighted that
require researchers to find suitable solutions for them. Besides
the previously mentioned challenges of energy markets and
the DR programs, here, the critical challenges and associated
solutions for the application of PSF, and DSM strategies, are
discussed as follows:

∙ The continuous integration of new technologies for gen-
erations (DERs, EVs, and ESSs) or as load types (heating
systems) which cause several adverse impacts on power qual-
ity. So, it is crucial to upgrade the power systems to adapt
these technologies and enhance the HC of the power systems
using several enhancement techniques regarding economic
factors.
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MOUSA ET AL. 31

FIGURE 12 Presentation of the flexibility energy market.

∙ Accomplishing the energy flow balance between the gen-
erations and demand to reduce the energy cost, achieve
reliability, and decline the load consumption during variations
of climate conditions.

∙ The worst and old infrastructure to deal with the advanced
energy management systems which require upgrading in turn
will be very costly. So, the decentralized control systems
and aggregators come into the picture as urgent solutions
to reduce the impacts of bad infrastructure and limit the
communication systems. However, some obstacles should be
deemed.

∙ Regarding aggregator barriers, the initial investment costs
come in first. Moreover, additional policies and agreements
are required with certain identification of roles and responsi-
bilities for DSO, participants, and the energy market. Also,
lack of suitable infrastructure that involves smart meters
and appliances with secure communication systems. Further,
shortage of some components for flexibility service.

∙ To avoid repeating information, the challenges of DR pro-
grams and the energy market are mentioned in Sections 5.2
and 7.1, respectively.

∙ Consumer behaviour and suitable DR program.
∙ Updating the policies and protocols of DR programs which

deal with the satisfactions of end-users, available energy
sources, and infrastructure to achieve economic benefits for
DSO and end-users.

∙ Integrating the available power generated from the pro-
sumers into the grid can cause bad influences. So, it is
required to encourage the prosumers to install ESSs and to
support the grid into peak periods with fair prices.

∙ Installing monitoring and sensing devices is costly and neces-
sity more requirements. So, this may affect the operation of

DR programs and robustness and lead to wrong estimation
of conditions which not only influence power systems and
consumers but also have effects on the dynamic pricing on
energy markets.

∙ Limited performance and accuracy of software in DR
programs using new data-driven estimation methods.

7.3 Research trends

The research field of PSF was utilized in 1964 as a result
of seeking efficient energy management systems to deal with
the increased electricity consumption globally with their critical
issues. The data related to this research field is extracted using
Scopus database with specific main keywords (‘demand-side
flexibility; power system flexibility; demand-side management;
demand response program’). The most relevant documents are
14586 published over the period from 1964 to 2024, as displayed
in Figure 13a. It is obvious that the United States contributes
with the highest published documents (2602), then chain is in
second rank with 2221 documents. Both Finland and Egypt
record 301 and 175 documents which need to be increased to
deal with their energy challenges. The remaining world partic-
ipates in 9287 documents as shown in Figure 13b. Figure 13c
represents the classification of published documents per type in
which articles present 55.86% of total documents.

7.4 Future perceptions and outlooks

The strategy implementations of the PSF in general, and DSM
strategies are crucial for the MPSs to ensure the safe, flexible,
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32 MOUSA ET AL.

FIGURE 13 Research trend of power system flexibility.

and reliable operation of consumers on the distribution level.
Thus, there are some important research topics that will be
involved in the future for those purposes, as summarized in the
following points:

∙ Improving the power system reliability and communication
networks used in the PSF applications, DSM strategies, and
DR programs besides secure data transfer to save the privacy
of consumers.

∙ Achieving the balance between the generation and demand
through powerful load profile modelling, and advanced
energy management systems for generation units.

∙ Dealing with the consumers’ preferences and priorities.
∙ Maximizing the HC of networks using enhancement tech-

niques to ensure integrating the maximum limits of new
technologies such as DERs, EVs, ESSs, etc., besides optimal
placing and sizing of them at each feeder.

∙ Expansion usage the hydrogen technologies into generation
and storage sectors.

∙ Using powerful optimization techniques and data-driven
methods with suitable software for DR programs to achieve
the PSF.

∙ Increasing the knowledge of consumers and making proper
agreements and offers. Also using advanced energy price
policies.

∙ Increasing the PSF resources and services. In addition to
upgrading the infrastructure of power systems.

∙ Applying AI techniques in DSM strategies.
∙ Dealing with the barriers associated with infrastructure and

relevant investment costs in addition to developments and
expansion of new technologies such as EVs, ESSs, and
MESs.

∙ Dealing with the challenges of energy market roles and
interaction implications.

∙ Dealing with huge investments and potential conflicts
of interest especially in implementing ESSs, which are
due to the lack of transparent regulatory and tariff
schemes.
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8 CONCLUSION

With the increased integration of various industrial technolo-
gies in generation and demand levels such as EVs, ESSs, DERs,
and MESs, it is crucial for robust energy management systems
to deal with their uncertainties and capacity variations with-
out causing any power quality issues. So, the PSF, especially on
the demand side, is applied to provide energy demands with
low energy costs and an acceptable level of reliability. Here, an
overview of the PSF and DSM strategies are discussed based
on definitions, classification, quantification, characteristics and
functions, estimation and forecasting methods, solutions, and
applications supported with recent studies. As a result, the
authors suggest new PSF definition is stated in terms of various
significant factors and elements implemented in MPSs. More-
over, the developments of DR programs are highlighted based
on classifications, requirements, and applications, followed by
a discussion of prominent new penetrated technologies in the
MPSs which directly influence the operation conditions. Fur-
ther, the role of various energy management systems and energy
market perspectives are highlighted. Finally, the research trends,
challenges, and future considerations are summarized based on
the PSF concept, DSM strategies, and DR programs.

NOMENCLATURE

DER distributed energy resource
DR Demand response

DSM demand-side management
DSOs distribution system operators

EH energy hub
ESSs energy storage systems

EV electric vehicle
FACTS flexible AC transmission system

HC hosting capacity
MESs multi-carrier energy systems
MPS modern power system
PSF power system flexibility
PV photovoltaics

RESs renewable energy sources
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Optimal energy management system for microgrids considering energy
storage, demand response and renewable power generation. Int. J. Electr.
Power Energy Syst. 136, 107714 (2022). https://doi.org/10.1016/J.
IJEPES.2021.107714

274. Ali, M., Abdulgalil, M.A., Habiballah, I., Khalid, M.: Optimal scheduling
of isolated microgrids with hybrid renewables and energy storage systems

considering demand response. IEEE Access 11, 80266–80273 (2023).
https://doi.org/10.1109/ACCESS.2023.3296540

275. Budiman, F.N., Ramli, M.A.M., Bouchekara, H.R.E.H., Milyani, A.H.:
Optimal scheduling of a microgrid with power quality constraints based
on demand side management under grid-connected and islanding opera-
tions. Int. J. Electr. Power Energy Syst. 155, 109650 (2024). https://doi.
org/10.1016/J.IJEPES.2023.109650

276. Kelepouris, N.S., Nousdilis, A.I., Bouhouras, A.S., Christoforidis, G.C.:
Optimal scheduling of prosumer’s battery storage and flexible loads for
distribution network support. IET Gener. Transm. Distrib. 17(7), 1491–
1508 (2023). https://doi.org/10.1049/GTD2.12759

277. Yang, C., Wu, Z., Li, X., Fars, A.: Risk-constrained stochastic scheduling
for energy hub: Integrating renewables, demand response, and elec-
tric vehicles. Energy 288, 129680 (2023). https://doi.org/10.1016/J.
ENERGY.2023.129680

278. Arumugham, V., et al.: An artificial-intelligence-based renewable energy
prediction program for demand-side management in smart grids.
Sustainability 15(6), 5453 (2023). https://doi.org/10.3390/SU15065453

279. Li, J., Yang, M., Zhang, Y., Li, J., Lu, J.: Micro-grid day-ahead stochastic
optimal dispatch considering multiple demand response and elec-
tric vehicles. Energies 16(8), 3356 (2023). https://doi.org/10.3390/
EN16083356

280. Archetti, J.A.G., et al.: Real time validation of a control system for micro-
grids with distributed generation and storage resources. Electr. Power
Syst. Res. 223, 109683 (2023). https://doi.org/10.1016/J.EPSR.2023.
109683

281. Candan, A.K., Boynuegri, A.R., Onat, N.: Home energy management
system for enhancing grid resiliency in post-disaster recovery period
using electric vehicle. Sustain. Energy, Grids Netw. 34, 101015 (2023).
https://doi.org/10.1016/J.SEGAN.2023.101015

282. Nazar, M.S., Jafarpour, P., Shafie-khah, M., Catalão, J.P.S.: Optimal plan-
ning of self-healing multi-carriers energy systems considering integration
of smart buildings and parking lots energy resources. Energy 286, 128674
(2023). https://doi.org/10.1016/J.ENERGY.2023.128674

283. Chen, Q., Wang, W., Wang, H., Dong, Y., He, S.: Information gap-based
coordination scheme for active distribution network considering charg-
ing/discharging optimization for electric vehicles and demand response.
Int. J. Electr. Power Energy Syst. 145, 108652 (2023). https://doi.org/10.
1016/J.IJEPES.2022.108652

284. Tostado-Véliz, M., Rezaee Jordehi, A., Fernández-Lobato, L., Jurado, F.:
Robust energy management in isolated microgrids with hydrogen stor-
age and demand response. Appl. Energy 345, 121319 (2023). https://
doi.org/10.1016/J.APENERGY.2023.121319

285. de Barros, T.R., Archetti, J.A.G., Mattos, M., de Oliveira, L.W., Oliveira,
J.G.: Optimization algorithm associated with local and coordinated con-
trols of distributed energy resources to meet technical and economic
criteria. Electr. Power Syst. Res. 226, 109880 (2024). https://doi.org/10.
1016/J.EPSR.2023.109880

286. Farzaneh, H., Shokri, M., Kebriaei, H., Aminifar, F.: Robust energy man-
agement of residential nanogrids via decentralized mean field control.
IEEE Trans. Sustain. Energy 11(3), 1995–2002 (2020). https://doi.org/
10.1109/TSTE.2019.2949016

287. Jiang, X., Sun, C., Cao, L., Liu, J., Law, N.F., Loo, K.H.: Decentralized
local energy trading with cooperative energy routing in energy local area
network. Int. J. Electr. Power Energy Syst. 152, 109209 (2023). https://
doi.org/10.1016/J.IJEPES.2023.109209

288. Oskouei, M.Z., et al.: A critical review on the impacts of energy storage
systems and demand-side management strategies in the economic oper-
ation of renewable-based distribution network. Sustainability 14(4), 2110
(2022). https://doi.org/10.3390/SU14042110

289. Chen, W., Zheng, L., Li, H., Pei, X.: An assessment method for the impact
of electric vehicle participation in V2G on the voltage quality of the distri-
bution network. Energies 15(11), 4170 (2022). https://doi.org/10.3390/
EN15114170

290. Hossain, S., et al.: Grid-vehicle-grid (G2V2G) efficient power transmis-
sion: An overview of concept, operations, benefits, concerns, and future
challenges. Sustainability 15(7), 5782 (2023). https://doi.org/10.3390/
SU15075782

 17518695, 0, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/gtd2.13204 by A

alto U
niversity, W

iley O
nline L

ibrary on [27/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1109/INCOFT55651.2022.10094433
https://doi.org/10.1109/INCOFT55651.2022.10094433
https://doi.org/10.1109/JSYST.2020.3033128
https://doi.org/10.1109/JSYST.2020.3033128
https://doi.org/10.1109/TITS.2021.3114537
https://doi.org/10.1109/TITS.2021.3114537
https://doi.org/10.1109/JSYST.2022.3148536
https://doi.org/10.1115/1.4055604
https://doi.org/10.1115/1.4055604
https://doi.org/10.3390/S22197448
https://doi.org/10.3390/S22197448
https://doi.org/10.1109/SGC58052.2022.9998889
https://doi.org/10.1109/SGC58052.2022.9998889
https://doi.org/10.1063/5.0154506/2890111
https://doi.org/10.1063/5.0154506/2890111
https://doi.org/10.1007/S12053-023-10135-3/TABLES/11
https://doi.org/10.1007/S12053-023-10135-3/TABLES/11
https://doi.org/10.1007/S11356-023-29754-5/FIGURES/9
https://doi.org/10.1007/S11356-023-29754-5/FIGURES/9
https://doi.org/10.1109/ICIEA52957.2021.9436735
https://doi.org/10.1109/ICIEA52957.2021.9436735
https://doi.org/10.1109/TII.2021.3114361
https://doi.org/10.1109/TII.2021.3114361
https://doi.org/10.55730/1300-0632.3983
https://doi.org/10.55730/1300-0632.3983
https://doi.org/10.1109/ACPEE56931.2023.10135637
https://doi.org/10.1109/ACPEE56931.2023.10135637
https://doi.org/10.1016/J.IJEPES.2021.107714
https://doi.org/10.1016/J.IJEPES.2021.107714
https://doi.org/10.1109/ACCESS.2023.3296540
https://doi.org/10.1016/J.IJEPES.2023.109650
https://doi.org/10.1016/J.IJEPES.2023.109650
https://doi.org/10.1049/GTD2.12759
https://doi.org/10.1016/J.ENERGY.2023.129680
https://doi.org/10.1016/J.ENERGY.2023.129680
https://doi.org/10.3390/SU15065453
https://doi.org/10.3390/EN16083356
https://doi.org/10.3390/EN16083356
https://doi.org/10.1016/J.EPSR.2023.109683
https://doi.org/10.1016/J.EPSR.2023.109683
https://doi.org/10.1016/J.SEGAN.2023.101015
https://doi.org/10.1016/J.ENERGY.2023.128674
https://doi.org/10.1016/J.IJEPES.2022.108652
https://doi.org/10.1016/J.IJEPES.2022.108652
https://doi.org/10.1016/J.APENERGY.2023.121319
https://doi.org/10.1016/J.APENERGY.2023.121319
https://doi.org/10.1016/J.EPSR.2023.109880
https://doi.org/10.1016/J.EPSR.2023.109880
https://doi.org/10.1109/TSTE.2019.2949016
https://doi.org/10.1109/TSTE.2019.2949016
https://doi.org/10.1016/J.IJEPES.2023.109209
https://doi.org/10.1016/J.IJEPES.2023.109209
https://doi.org/10.3390/SU14042110
https://doi.org/10.3390/EN15114170
https://doi.org/10.3390/EN15114170
https://doi.org/10.3390/SU15075782
https://doi.org/10.3390/SU15075782


42 MOUSA ET AL.

291. Ahrarinouri, M., Rastegar, M., Karami, K., Seifi, A.R.: Distributed rein-
forcement learning energy management approach in multiple residential
energy hubs. Sustain. Energy, Grids Netw. 32, 100795 (2022). https://
doi.org/10.1016/J.SEGAN.2022.100795

292. Avila-Rojas, A.E., De Oliveira-De Jesus, P.M., Alvarez, M.: Distribution
network electric vehicle hosting capacity enhancement using an optimal
power flow formulation. Electr. Eng. 104(3), 1337–1348 (2022). https://
doi.org/10.1007/S00202-021-01374-7/FIGURES/11

293. Xi, Z., et al.: Hosting capability assessment and enhancement of electric
vehicles in electricity distribution networks. J. Clean. Prod. 398, 136638
(2023). https://doi.org/10.1016/J.JCLEPRO.2023.136638

294. Ahmed, H.Y., Ali, Z.M., Refaat, M.M., Aleem, S.H.E.A.: A multi-objective
planning strategy for electric vehicle charging stations towards low
carbon-oriented modern power systems. Sustainability 15(3), 2819 (2023).
https://doi.org/10.3390/SU15032819

295. Koirala, B.P., Koliou, E., Friege, J., Hakvoort, R.A., Herder, P.M.: Ener-
getic communities for community energy: A review of key issues and
trends shaping integrated community energy systems. Renew. Sustain.
Energy Rev. 56, 722–744 (2016). https://doi.org/10.1016/J.RSER.2015.
11.080

296. Mendes, G., Ioakimidis, C., Ferrão, P.: On the planning and analysis of
Integrated Community Energy Systems: A review and survey of available
tools. Renew. Sustain. Energy Rev. 15(9), 4836–4854 (2011). https://doi.
org/10.1016/J.RSER.2011.07.067

297. Junaidi, N., Abdullah, M.P., Alharbi, B., Shaaban, M.: Blockchain-based
management of demand response in electric energy grids: A system-
atic review. Energy Rep. 9, 5075–5100 (2023). https://doi.org/10.1016/
J.EGYR.2023.04.020

298. Utilizing blockchain technology for decentralized demand
response. https://energy5.com/utilizing-blockchain-technology-
for-decentralized-demand-response. Accessed 26 Nov 2023

299. Pop, C., Cioara, T., Antal, M., Anghel, I., Salomie, I., Bertoncini, M.:
Blockchain based decentralized management of demand response pro-
grams in smart energy grids. Sensors 18(1), 162 (2018). https://doi.org/
10.3390/S18010162

300. Zareravasan, A., et al.: Blockchain technology applied in IoV demand
response management: A systematic literature review. Futur. Internet
14(5), 136 (2022). https://doi.org/10.3390/FI14050136

301. Liu, L., et al.: Reliable interoperation of demand response entities consid-
ering reputation based on blockchain. IEEJ Trans. Electr. Electron. Eng.
15(1), 108–120 (2020). https://doi.org/10.1002/TEE.23032

302. Aggarwal, S., Kumar, N.: A consortium blockchain-based energy trading
for demand response management in vehicle-to-grid. IEEE Trans. Veh.
Technol. 70(9), 9480–9494 (2021). https://doi.org/10.1109/TVT.2021.
3100681

303. Mousa, H.H.H., Ali, A., Shaaban, M.F., Ismeil, M.A.: Optimal allocation
of multiple capacitors in a hybrid AC/DC microgrid for power qual-
ity improvement. SN Appl. Sci. 5(12), 1–22 (2023). https://doi.org/10.
1007/S42452-023-05552-Z

304. Liu, W., Chen, S., Hou, Y., Yang, Z.: Optimal reserve management of
electric vehicle aggregator: discrete bilevel optimization model and exact
algorithm. IEEE Trans. Smart Grid 12(5), 4003–4015 (2021). https://
doi.org/10.1109/TSG.2021.3075710

305. Utkarsh, K., Ding, F., Jin, X., Blonsky, M., Padullaparti, H., Balamurugan,
S.P.: A network-aware distributed energy resource aggregation frame-
work for flexible, cost-optimal, and resilient operation. IEEE Trans.
Smart Grid 13(2), 1213–1224 (2022). https://doi.org/10.1109/TSG.
2021.3124198

306. Maask, V., Rosin, A., Korõtko, T., Thalfeldt, M., Syri, S., Ahmadiahangar,
R.: Aggregation ready flexibility management methods for mechani-
cal ventilation systems in buildings. Energy Build. 296, 113369 (2023).
https://doi.org/10.1016/J.ENBUILD.2023.113369

307. Zhou, Y.: Climate change adaptation with energy resilience in energy
districts—A state-of-the-art review. Energy Build. 279, 112649 (2023).
https://doi.org/10.1016/J.ENBUILD.2022.112649

308. Zhang, D., et al.: A comprehensive overview of modeling approaches
and optimal control strategies for cyber-physical resilience in power sys-
tems. Renew. Energy 189, 1383–1406 (2022). https://doi.org/10.1016/J.
RENENE.2022.03.096

309. Arghandeh, R., Von Meier, A., Mehrmanesh, L., Mili, L.: On the defini-
tion of cyber-physical resilience in power systems. Renew. Sustain. Energy
Rev. 58, 1060–1069 (2016). https://doi.org/10.1016/j.rser.2015.12.
193

310. Hasan, M.K., Habib, A.A., Shukur, Z., Ibrahim, F., Islam, S., Razzaque,
M.A.: Review on cyber-physical and cyber-security system in smart grid:
Standards, protocols, constraints, and recommendations. J. Netw. Com-
put. Appl. 209, 103540 (2023). https://doi.org/10.1016/J.JNCA.2022.
103540

311. Qi, J.: Smart Grid Resilience: Extreme Weather, Cyber-Physical Security,
and System Interdependency, pp. 1–285. Springer, Berlin (2023). https://
link.springer.com/book/10.1007/978-3-031-29290-3

312. Son, Y.J., Lim, S.H., Yoon, S.G., Khargonekar, P.P.: Residential demand
response-based load-shifting scheme to increase hosting capacity in distri-
bution system. IEEE Access 10, 18544–18556, (2022). https://doi.org/
10.1109/ACCESS.2022.3151172

313. Ismael, S.M., Abdel Aleem, S.H.E., Abdelaziz, A.Y., Zobaa, A.F.:
State-of-the-Art of Hosting Capacity in Modern Power Systems with
Distributed Generation, vol. 130, pp. 1002–1020. Pergamon, Oxford
(2019)

314. Mousa, H.H.H., Mahmoud, K., Lehtonen, M.: A comprehensive review
on recent developments of hosting capacity estimation and optimization
for active distribution networks. IEEE Access 12, 18545–18593 (2024).
https://doi.org/10.1109/ACCESS.2024.3359431

315. Hwang, H., Yoon, A., Yoon, Y., Moon, S.: Demand response of HVAC
systems for hosting capacity improvement in distribution networks: A
comprehensive review and case study. Renew. Sustain. Energy Rev. 187,
113751 (2023). https://doi.org/10.1016/J.RSER.2023.113751

316. Kamruzzaman, M.D., Benidris, M.: A reliability-constrained demand
response-based method to increase the hosting capacity of power sys-
tems to electric vehicles. Int. J. Electr. Power Energy Syst. 121, 106046
(2020). https://doi.org/10.1016/J.IJEPES.2020.106046

317. Rana, M.J., Zaman, F., Ray, T., Sarker, R.: EV hosting capacity enhance-
ment in a community microgrid through dynamic price optimization-
based demand response. IEEE Trans. Cybern. 53, 7431–7442 (2022).
https://doi.org/10.1109/TCYB.2022.3196651

318. Tian, J., Yu, L., Xue, R., Zhuang, S., Shan, Y.: Global low-carbon energy
transition in the post-COVID-19 era. Appl. Energy 307, 118205 (2022).
https://doi.org/10.1016/j.apenergy.2021.118205

319. Energy transition - Wikipedia. https://en.wikipedia.org/wiki/Energy_
transition. Accessed 29 July 2023

320. Weiming, L., Jiekang, W., Jinjian, C., Yunshou, M., Shengyu, C.: Capac-
ity allocation optimization framework for hydrogen integrated energy
system considering hydrogen trading and long-term hydrogen stor-
age. IEEE Access 11, 15772–15787 (2023). https://doi.org/10.1109/
ACCESS.2022.3228014

321. Yue, M., Lambert, H., Pahon, E., Roche, R., Jemei, S., Hissel, D.: Hydro-
gen energy systems: A critical review of technologies, applications, trends
and challenges. Renew. Sustain. Energy Rev. 146, 111180 (2021). https://
doi.org/10.1016/J.RSER.2021.111180

322. Robledo, C.B., Oldenbroek, V., Abbruzzese, F., van Wijk, A.J.M.: Integrat-
ing a hydrogen fuel cell electric vehicle with vehicle-to-grid technology,
photovoltaic power and a residential building. Appl. Energy 215, 615–629
(2018). https://doi.org/10.1016/J.APENERGY.2018.02.038

323. Mousavi, F., Nazari-Heris, M., Mohammadi-Ivatloo, B., Asadi, S.: Energy
market fundamentals and overview. Energy Storage Energy Mark. Uncer-
tainties Model. Anal. Optim. 1–21 (2021). https://www.sciencedirect.
com/science/article/abs/pii/B9780128200957000054

How to cite this article: Mousa, H.H.H., Mahmoud,
K., Lehtonen, M.: Recent developments of demand-side
management towards flexible DER-rich power systems:
A systematic review. IET Gener. Transm. Distrib. 1–42
(2024). https://doi.org/10.1049/gtd2.13204

 17518695, 0, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/gtd2.13204 by A

alto U
niversity, W

iley O
nline L

ibrary on [27/06/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/J.SEGAN.2022.100795
https://doi.org/10.1016/J.SEGAN.2022.100795
https://doi.org/10.1007/S00202-021-01374-7/FIGURES/11
https://doi.org/10.1007/S00202-021-01374-7/FIGURES/11
https://doi.org/10.1016/J.JCLEPRO.2023.136638
https://doi.org/10.3390/SU15032819
https://doi.org/10.1016/J.RSER.2015.11.080
https://doi.org/10.1016/J.RSER.2015.11.080
https://doi.org/10.1016/J.RSER.2011.07.067
https://doi.org/10.1016/J.RSER.2011.07.067
https://doi.org/10.1016/J.EGYR.2023.04.020
https://doi.org/10.1016/J.EGYR.2023.04.020
https://energy5.com/utilizing-blockchain-technology-for-decentralized-demand-response
https://energy5.com/utilizing-blockchain-technology-for-decentralized-demand-response
https://doi.org/10.3390/S18010162
https://doi.org/10.3390/S18010162
https://doi.org/10.3390/FI14050136
https://doi.org/10.1002/TEE.23032
https://doi.org/10.1109/TVT.2021.3100681
https://doi.org/10.1109/TVT.2021.3100681
https://doi.org/10.1007/S42452-023-05552-Z
https://doi.org/10.1007/S42452-023-05552-Z
https://doi.org/10.1109/TSG.2021.3075710
https://doi.org/10.1109/TSG.2021.3075710
https://doi.org/10.1109/TSG.2021.3124198
https://doi.org/10.1109/TSG.2021.3124198
https://doi.org/10.1016/J.ENBUILD.2023.113369
https://doi.org/10.1016/J.ENBUILD.2022.112649
https://doi.org/10.1016/J.RENENE.2022.03.096
https://doi.org/10.1016/J.RENENE.2022.03.096
https://doi.org/10.1016/j.rser.2015.12.193
https://doi.org/10.1016/j.rser.2015.12.193
https://doi.org/10.1016/J.JNCA.2022.103540
https://doi.org/10.1016/J.JNCA.2022.103540
https://link.springer.com/book/10.1007/978-3-031-29290-3
https://link.springer.com/book/10.1007/978-3-031-29290-3
https://doi.org/10.1109/ACCESS.2022.3151172
https://doi.org/10.1109/ACCESS.2022.3151172
https://doi.org/10.1109/ACCESS.2024.3359431
https://doi.org/10.1016/J.RSER.2023.113751
https://doi.org/10.1016/J.IJEPES.2020.106046
https://doi.org/10.1109/TCYB.2022.3196651
https://doi.org/10.1016/j.apenergy.2021.118205
https://en.wikipedia.org/wiki/Energy_transition
https://en.wikipedia.org/wiki/Energy_transition
https://doi.org/10.1109/ACCESS.2022.3228014
https://doi.org/10.1109/ACCESS.2022.3228014
https://doi.org/10.1016/J.RSER.2021.111180
https://doi.org/10.1016/J.RSER.2021.111180
https://doi.org/10.1016/J.APENERGY.2018.02.038
https://www.sciencedirect.com/science/article/abs/pii/B9780128200957000054
https://www.sciencedirect.com/science/article/abs/pii/B9780128200957000054
https://doi.org/10.1049/gtd2.13204

