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ABSTRACT In recent power grids, the need for having a two-way flow of information and electricity is
crucial. This provides the opportunity for suppliers and customers to better communicate with each other by
shifting traditional power grids to smart grids (SGs). In this paper, demand response management (DRM)
is investigated as it plays an important role in SGs to prevent blackouts and provide economic and
environmental benefits for both end-users and energy providers. In modern power grids, the development
of communication networks has enhanced DRM programmes and made the grid smarter. In particular, with
progresses in the 5G Internet of Things (IoT), the infrastructure for DRM programmes is improved with
fast data transfer, higher reliability, increased security, lower power consumption, and a massive number
of connections. Therefore, this paper provides a comprehensive review of potential applications of 5G IoT
technologies as well as the computational and analytical algorithms applied for DRM programmes in SGs.
The review holistically brings together sensing, communication, and computing (optimization, prediction),
areas usually studied in a scattered way. A broad discussion on various DRM programmes in different layers
of enhanced 5G IoT based SGs is given, paying particular attention to advances in machine learning (ML)
and deep learning (DL) algorithms alongside challenges in security, reliability, and other factors that have a
role in SGs’ performance.
INDEX TERMS Smart grid, demand response management, 5G, Internet of Things.

I. INTRODUCTION

The concept of SGs started with the notion of advanced
metering infrastructure (AMI) to improve demand-side management, energy efficiency, and a self-healing electrical grid,
where AMI enables the communication between the utility
control center and smart meters. A SG improves supply,
reliability, and response to natural disasters and increases
bidirectional interaction between grid components. Historically, increasing the efficiency of system operation and the
existing investment in the generation and transport of electricity has been the key driver for introducing DRM programmes. Implementation of AMI and other SG technologies
will further increase the use of DRM resources (ie.smart measurement devices such as smart meters and AMI) in everyday operations. Figure 1 schematically depicts the factors in
The associate editor coordinating the review of this manuscript and
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relation to the new ongoing SG paradigm related to three key
factors including:
•
•

•

environmental factors (e.g. green house gasses, renewables)
Reliability issues that affects on system performance
(e.g. variable generation, distributed resources, and
capacity limitations)
operational issues (e.g. operational efficiency, customer
satisfaction, supply economies)

Where DRM on the top manages the interaction between different ingredients of SGs to support each side by maximizing
it’s benefit in order to enhance the performance of the whole
grid. Facing the increasing demands and the need for suitable
programs to enhance the efficiency of the SG, the importance
of DRM can be increasingly highlighted than beforehand.
In this way, advanced telecommunication technologies play
an crucial role to provide reliable and low-latency networks

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

77555

S. Ahmadzadeh et al.: Review on Communication Aspects of DRM

A. COVERAGE OF THIS SURVEY ARTICLE

The main contributions of this research are summarized as:
• In-depth discussion of telecommunication aspects of
DRM in the SG with emphasize on advanced 5G IoTbased technologies
• Review on machine learning and optimization algorithms applied for DRM in SGs
In this paper the above-mentioned aspects are combined with
a review of DRM models and algorithms in four layers of SG
consisting of generation, transmission, distribution, and endusers. Some DRM challenges in SG have also been identified
to gain a broad understanding of the subject area. Figure 2,
illustrates the road map of this paper.
B. REVIEW OF RELATED SURVEY ARTICLES
FIGURE 1. DRM as one of the industry drivers of SG.

through 5G IoT which is under deployment in different countries around the globe.
To understand the importance of DRM programmes and
the role of 5G IoT in SGs, this paper provides a review of
DRM with a focus on potential applications of 5G technologies and progresses in advanced Machine Learning (ML) and
Deep Learning (DL) algorithms.
According to [1] DRM programmes are divided into
price-based and incentive-based programs. These programs
are universally applied in many residential areas [2]. In SGs
IoT systems provide the opportunity for bidirectional interactions between various parts of a SG. This offers the flexibility to run different DRM programmes. Literature in [3]–[5]
explained contract based DRM in SGs with a focus on optimization approaches. DRM is closely related to concepts such
as remote control and automatic communication, where 5G
technologies play an important role. Examples of advantages
of 5G over previous generations include improved reliability, security, transfer speed, power consumption, as well
as the increased number of connections [6], [7]. The frequency spectrum of 5G is in the range of GHz which is
much higher than previous generations. Also, 5G bandwidths
are higher than the previous 1G-4G. According to [8] 5G
technologies are considered the most important driver for
the emerging global IoT. There is a number of literature
that studies the importance of 5G for IoT. For instance,
in [9] potential applications of 5G in DRM programmes are
investigated.
With respect to recent advanced communication systems,
fog computing is considered to provide massive connectivity
and fast communication. For instance, [10] studies application of fog and cloud computing for electrical vehicles (EVs)
to communicate faster with power systems. In [11], [12] the
application of data slicing in 5G is used for bidirectional
data transfer between EVs and electricity providers. However,
as 5G is a new technology, effort is needed to fully exploit its
benefits in DRM programmes.
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There have been a few review articles providing an in-depth
survey of DRM based on 5G-IoT enabled technologies.
DRM can be investigated from different perspectives such
as algorithms, communication aspects, and programs. However, to the best of our knowledge there is not a holistic
review bringing together all these components and analysing
the interactions or interdependencies between them. In [6],
[13] the communication aspects of DRM was studied. This
research gave a survey on the potential of applying 5G
network-based IoT for DRM in the SGs. The concept of
DRM, reliability, and security issues related to SG based
on typical application scenarios of 5G IoT was investigated.
However, this paper did not cover DRM in different layers of
SG and DRM algorithms. Moreover, challenges that impact
the performance of the network were not covered.
Peak load shaving under demand-side management was
comprehensively reviewed in [14] with a focus on energy
management approaches in a smart IoT based environment.
However, [14] did not cover 5G and telecommunication
aspects of DRM. With respect to the algorithms and artificial
intelligence techniques for DRM. Reference [15] provides
state of the art review on AI techniques for distributed SG.
However, this paper failed to cover the telecommunication
aspects.
With respect to modeling the load in the SG [16] provided
a review on a multi-energy management system with a focus
on a variety of loads. In [17] a review of the barriers and
enablers of DRM in SG was provided. Focusing on telecommunication aspects of DRM [18] discussed the applications
of the integration of 5G and SG. This paper reviewed 5G
key technologies such as mobile edge computing, computational caching techniques, network slicing techniques, and
5G’s value to power service access, transmission, and core
networks slicing architecture. Also, [19] studied cognitive
radio SG communication infrastructure systems. The main
objective was to investigate emerging technologies such as
cognitive radio networks (CRNs) as part of the 5G mobile
technology for reliable communication in SG networks. Furthermore, a hybrid architecture based on the combination of
fog computing and cloud computing was proposed. In this
architecture, real-time latency-sensitive information is given
VOLUME 9, 2021
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FIGURE 2. Road map architecture of the paper.

high priority, with fog edge-based servers deployed in close
proximity to home area networks (HANs) for preprocessing
and analyzing information collected from smart IoT devices.
Moreover [9] investigated 5G wireless networks for the SGs.
This work justified the need for 5G technology in a SG and the
areas where the new power grid can benefit the access of data.
The main aim of this work was to demonstrate 5G architecture
in general compared to other wireless technologies and new
networks in SGs, thus bringing the Internet of Energy into the
future.
Considering the algorithms [20] provided a review of AI
techniques for distributed SG. In this paper, AI algorithms,
objectives, and their limitations are reviewed. Reference [21],
reviewed AI-based load demand forecast techniques for
buildings and SG. This paper gave a systematic literature
review of AI-based short term load forecasting techniques.
In [22] authors provided a comprehensive review of IoT
applications in SG. Although all these papers conducted a
review from a different angle, none of them combines all
these aspects with a broad vision of the challenges facing the
implementation and advancement of DRM.
C. ARTICLE STRUCTURE

In this paper a wide spectrum of models, algorithms, and
applications of DRM programmes in residential areas with
an emphasize on 5G telecommunication are first investigated.
Then, DRM programmes in smart generation, transmission,
distribution, and end-users are studied. A discussion about
the SG challenges is thereby provided. Given the importance
of 5G telecommunication potential applications of 5G IoT in
SG with emphasis on available technologies is also provided.
Finally, literature related to 5G telecommunication aspects of
DRM in SG is reviewed.
The paper is organised as follows:
Section 2 will introduce fundamentals of DRM including the definition of DRM, DRM options, and a review
VOLUME 9, 2021

on related parameters and communication aspects of DRM.
Section 3 includes examples of models on DRM based
on specific programs, including both incentive base and
price-based options. Residential modelling applications that
involve DRM enabled load model, home energy management systems and multi-agent systems are explained.
Section 4 presents DRM algorithms. Section 5 consists
of DRM applications in SG that involves current and
ongoing programs in various parts of SG including generation/distribution, transmission, and substations. DRM
benefits and challenges in SG are discussed in section 6, and
finally, section 7 concludes the paper.
Table 1, represents the acronyms and their definitions.
II. FUNDAMENTALS OF DRM
A. DEFINITIONS OF DRM

DRM is a technology used to control energy demand during
peak times to achieve a balance between the electricity supply
and load. In this way, it can obtain better utilization of the
available energy and lead to a more reliable system [23].
According to [24] the US Department of Energy classifies DRM as having two options: price-based and incentivebased. Price-based programs are defined based on the price
signal which is sent to the end-users, and incentive-based
programs are based on incentive or punishment that end-users
may receive from the energy provider. These options are
explained in detail in the next section. The price based options
and direct load control which is one of incentive-based
options are primarily offered technologies to residential
users [4]. DRM is considered as the main feature of a SG as
it provides optimized solutions by flattening the load curve
as opposed to generating more energy to meet the peak
demand.
DRM plays a crucial role in a smart environment as it can
enhance the efficiency of the grid by leveraging the right
programs. DRM programmes serves as interface between
77557
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TABLE 1. List of acronyms and corresponding definitions.

effort from the utility side to take into consideration the
system reliability, economic dispatch, consumer comfort, and so on. As a type of mature incentive-based
demand response, DLC has been thoroughly studied.
These programs provide customers with load reduction incentives. The incentives might be separated from,
or additional to, their retail electricity rate, which may
be fixed (based on average costs) or time-varying. Load
reductions are needed and requested either when the
system reliability conditions are treated or when prices
are too high [27].
C. RELATED PARAMETERS

independent system operators (ISOs) / wholesale markets,
transmission systems, distribution systems, and customers.
B. DRM OPTIONS

According to the existing literature [24], [25], DRM can be
divided into two options:
• Price base options of DRM
This category involves programs that are listed as: a)
real-time pricing (RTP) in which unit price of electricity
is periodically changed, b) critical-peak pricing (CPP)
that changes normal peak price with a higher price to
provide reliability for system and balance supply prices
and c) time-of-use (TOU) tariffs which include different
tariffs for different time intervals of a day or different
seasons of a year and give customers time-varying rates
that reflect the value and cost of electricity in different
time periods. If the price difference between hours or
time periods is significant, customers adjust the schedule
of their flexible loads in order to take advantage of lower
price periods. Consequently, from the utility’s point of
view, significant peak shaving can be achieved [3], [23].
• Incentive-base DRM
According to the US Department of Energy (DoE)
incentive-based demand response programs can be listed
as direct load control (DLC), interruptible/curtailable
service (I/C), demand bidding/buyback, capacity market
programme (CAP), ancillary service markets (A/S).
In general, incentive-based demand response can be considered as a programme that requests consumers to hand
in the load control rights to utilities with some contracted
limits and incentives [26]. This category requires more
77558

For solving the DRM problems based on economic incentives
or load-based incentives, various parameters have already
been considered. These parameters include:
• Different time scales and stochastic reliability with consideration of renewable energy [28]
• Uncertainty in load, and the number of users [3], [28]
• Number of appliances and users [2], [4], [29]
• Networking aspects of DRM [5], [30]
• Production cost [23]
• Energy storage characteristics of appliances [31]
• Real-time congestion management in distributed networks [32]
• Operation duration of appliance [33]
• Effect of cooperation/competition of utilities [4]
• Outage cost [23], [30]
• Utility cost [30], [32]
• Costs paid for customer participation in demand
response, and price elasticity [4]
• Market model (e.g. electricity or capacity marketing)
[34]
• Customer behavioural characteristics [35]
These parameters can affect the performance and efficiency
of the grid which are studied widely in literature. In the next
section telecommunication aspects of DRM in the SG will be
explained.
D. TELECOMMUNICATION ASPECTS OF DRM IN SG

Telecommunication is one of the most important advantages
of SG, as it provides bidirectional flow of both information and electricity in the grid. In this way, many efforts
have already been done to design an efficient communication network for DRM under the platform of SG [14]. The
communication network in the SGs involves the following
components:
• Data acquisition infrastructure which includes sensor
networks, data loggers, gateways, modems, etc.
• An application server with database, calculation and
analysis algorithms, alarming and reporting.
• User interfaces for visualization and configuration.
The above segments are considered for sending the communication signal in RTP or DLC programs. Typically, a signal
broadcasts by the distribution or transmission system operator
VOLUME 9, 2021
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(DSO/TSO). This signal might contain a price or a command
for load shedding/shifting.
One modern system for automated DRM is Open ADR
[36], [37] which is developed by the DRM research center
at the Lawrence Berkley National Laboratory. Open ADR is
a specification and an open-source reference implementation
of a distributed, client server-oriented DRM infrastructure
with a publisher-subscriber model. The components involve
the following [37]:
• Demand Response Automation Server (DRAS)
• DRAS Client at the customers’ sites.
• The Internet as communication infrastructure
The client usually is a communication library that is used by
control manufacturers to make the product capable. Clients
can subscribe to DR programs such as critical peak pricing
or demand bidding, and the DRAS serves as a simple market
platform and subscription manager. For instance, if a utility or
system operator issues an emergency message to the DRAS,
the server forwards the message to all clients that participate
in the emergency programme.

TABLE 2. Advantages and disadvantages of different 5G architectures for
DRM in SG.

E. MOTIVATION: IMPORTANCE OF INVESTIGATION ABOUT
5G BASED IoT FOR DRM

In recent years, with respect to progress in IoT and the advent
of 5G technologies the infrastructure for DRM in SG is highly
improved. DRM consists of programs that improve the efficiency of the SG by providing two-way interaction between
different layers of the grid including generation, distribution,
transmission, and consumption. The combination of 5G and
DRM provides a network that is more secure, reliable, and
faster. Such a network also consumes less power and can
cover a massive number of connections. This is particularly
needed for real-time DRM programmes where accuracy and
speed are important factors. Because of the importance of
DRM in SG, there is a large number of literature that studies
DRM for the benefit of both consumers and energy providers
[38]–[45]. However, to the best of our knowledge, none of
these efforts have highlighted the potential application of 5G
in DRM with a focus on algorithms and programs, whereas
in this paper will address cover this issue.
F. 5G TECHNOLOGY FOR DRM
1) DEFINITION AND OUTLOOK OF 5G NETWORKS

The 5G networks stand for fifth-generation mobile technology and are superior over earlier versions of wireless communication technology. The new technology provides diverse
abilities and encourages global networking and communication [7], [46], [47]. According to the Federal communications
commission (FCC), the use-case of 60 GHz spectrum is
allocated for this technology with the intention of providing
very high service quality. Millimeter-wave communication,
HetNets, massive multiple-input multiple-output (MIMO),
and visual light communication are considered as emerging
technologies alongside 5G [48].
According to [49], [50] the millimeter-wave communication utilizes underutilized mm-wave spectra ranging from
VOLUME 9, 2021

FIGURE 3. Road map architecture of 5G in SG.

3 GHz to 300 GHz as the carrier frequency, and therefore
provides very large bandwidth allocation in comparison with
older generations. This technology consists of small base stations that provide sufficient improvement in network capacity, and coverage on a large scale.
Cloud assisted platforms with the stations provides the
requirements of HetNets.
Massive MIMO technology is based on the application
of spatial multiplexing for the utilization of extensive service antennas [51]. The new 5G technology related to visual
light communication is called Li-Fi which benefits from low
power, less interface, and very high spatial reuse.
There are different existing 5G architectures such as
multi-tier architecture, cognitive radio network, device to
device communication, and cloud-based architecture [52].
Each of the mentioned architectures has advantages and disadvantages which are summarised in table 2.
Figure 3, represents the road map of 5G in SG, and figure 4,
represents application scenarios of 5G communication technology in SG.
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S. Ahmadzadeh et al.: Review on Communication Aspects of DRM

2) APPLICATION POTENTIAL OF 5G IN SG

With respect to the advent of telecommunication technologies
5G is considered in a diverse range of projects around the
globe. For instance, the VPP project in Finland, the neural
grid project in the UK, the VirtuWind project in Europe, and
the SG-eIoT project in China [6]. Some research has recently
been conducted in order to make full use of 5G’s advantages
in smart grids. For instance recently a 5G network framework
was designed to be used for the generic object oriented substation event in power systems [6]. This has been tested on
the emulated 5G software Open5GCore. The results showed
that 5G networks are able to transmit time-critical messages
while satisfying a standard for power systems automation
(IEC61850) [53]. In order to highlight advantages of 5G in
comparison with previous generations, table 3 provides a
comparison from 1G to 5G technologies [54].
TABLE 3. Comparison between 1G-5G.

Recently 5G is under deployment in many countries due
to its great advantages over previous generations (1G - 4G)
in transfer speed, reliability, security, power consumption,
and number of connections. Therefore application of 5G for
DRM programmes is more advantageous in comparison with
previous 3G and 4G technologies. The advantages of 5G
networks for DRM programmes in SG were investigated as
bellow:
• Massive links of flexible loads for DRM [55]
• Fast transfer speed and low communication latency for
remote control [56]
• Robust security and consumer privacy [57]
• High reliability and low power consumption [58], [59]
All mentioned factors provide a fast, reliable, highly secure
technology for remote control for DRM in SGs. With respect
to importance of deployment of 5G in SG, table 4 refers to
some of the projects on DRM and communication networks
with a focus on the application of 5G technology. Although,
mmWaves is an important feature of 5G technology, however
as mmWaves transmission distance is around 100 m which
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is not good to cover large distance areas, therefore a larger
number of small cells should be deployed for a wider area.
In this way ultra-dense cellular networks can be considered as
one of the main features of this kind of networks. According
to [6] the density of macro base stations per km2 for 3G and
4G is 4-5 BS/km2 and 8-10 BS/km2 respectively. In contrast,
for 5G this would be around 40-50 BS/ km2 .
3) 5G TECHNOLOGY FUTURE OPPORTUNITIES

The advantages of 5G technology in the future SG are provided as follows:
• Providing fast, reliable, and integrated bidirectional
communication networks that can handle voltage and
frequency fluctuation effect of additional renewable
energy sources in advanced SGs [66].
• Preparing ubiquitous data acquisition and visualization
from various layers of SG with the bringing forth of a
massive AMI [67].
• Having real-time computing with the capability of sending time-critical messages as explained in [68]–[70].
• Providing an automated distribution network [70].
• Supplying edge computing and efficient load management [71].
• Increasing network security and privacy [72].
Figure 4 illustrates an example architecture for 5G cellular network. According to [73], recently, a combination of
several cellular technologies along with techno-economic
trends have emerged. This will bring the debate to LTEA-based Fifth-Generation (5G) mobile wireless technology
as the global future grid communication networking standard.
In this research 5G cellular technologies for supporting future
power grid communication networks was explained. Cellular
LTE-A-enabled machine-to machine (M2M), machine-type
communications (MTC), and LTE/LTE-A have been already
selected by US and EU federal authorities to be the technology for future public safety mobile broadband networks [73].
In [74] 5G as an enabler for secure IoT in the SG was
introduced. Moreover, [75] studied the role of Joint 5G-IoT
framework for SG interoperability enhancement.
G. RESIDENTIAL DEMAND RESPONSE

In this section, we will investigate the simulation and modelling applications of residential demand response including
enabled load models, home energy management systems, and
multi-agent systems (MAS).
Demand response in residential areas is a recent effort
to improve the efficiency of the electricity market and the
stability of the power system. Simulation and modelling are a
way to identify and quantify the impacts and benefits of DRM
applications with aim of reducing electricity peak demand
and match the demand with supply including the renewable
generation. In this regard, the development of applicable residential load model and efficient home energy management
systems are critical issues to allow incorporation of dynamics
in use patterns.
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TABLE 4. Projects related to application of 5G for DRM.

In the residential sector, the DRM enabled technologies
usually relate to smart home, which features an energy management system (EMS) that intelligently controls household
loads with the association of smart meters, smart appliances,
plug-in hybrid electric vehicles (PHEVs), home power generation, and storage equipment.
In a domestic dwelling smart meters can provide information for both utilities and consumers such as home load
VOLUME 9, 2021

profiles and dynamic price signals. So, a home EMS allows
customers to conveniently manage this information. The flexible demand aspect of DRM application enables time-shift
electricity consumption by bringing forward or delaying the
use of appliances. For instance, EMS monitors real-time
loads and price signals and optimizes electricity consumption by switching on/off appliances without influencing costumers’ comfort. Figure 5 depicts a smart home with various
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FIGURE 4. An example architecture for 5G cellular network [76].

functions performed intelligently by EMS [77]. In [78] a survey for EMS in SG was provided. This paper classified EMS
behind the meter into three categories in terms of technology, economic, and social layers. Moreover, an overview of
the enabling technologies and standards for communication,
sensing, and monitoring purposes was also presented. An
application of IoT in load control was considered in [79],
where load shedding and smart direct load control were provided using Internet of Things (IoT) to minimize the power
outage in sudden grid load changes.
1) HOME ENERGY MANAGEMENT SYSTEM

Using a home EMS, load can be controlled either by a utility
or by the household. The former one is DLC where the utility
directly controls the load in peak demand period and the latter
is defined as indirect LC.
In the DLC option, the utility directly controls consumers’
electrical equipment by sending a signal to the home EMS.
In indirect LC, consumers configure the home EMS to
control the equipment. The configuration includes comfort
levels, maximum consumption, maximum demand limit, etc.
Various optimization algorithms are available to assist customers to schedule their electrical equipment according to
information received from a utility such as price-based signals or curtailment base signals. The HEMS enables scheduling equipment by switching on/off selected household loads
or by managing the home generation and storage equipment,
to reach an optimized objective in electric bills and customer
comfort. In [77] HEMS’s concepts, configurations, and technologies were reviewed. To understand the concept of HEMS,
figure 5 illustrates the overall architecture of the system.
2) MULTIPLE AUTONOMOUS SYSTEM

A MAS generally refers to a body of multiple autonomous
agents that interact, cooperate, and negotiate with each other
in order to achieve a common goal. In MAS related to SG
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FIGURE 5. Overall architecture of HEMS [77].

and especially smart homes, DRM components can be captured by various types of agents such as generator agents,
home agents, and transmission and distribution agents. If the
concept of a micro-grid is involved this architecture can also
be considered as a MAS where several components interact
through this structure. Through the interaction of micro-grids
and /or agents several interesting insights can be developed.
It is argued that smart homes may no longer be modelled
by passive load curves but should be considered as active
participants that not only consume electricity but also generate and store it. Also, a MAS is proposed for modelling
homes as autonomous agents that make decisions to buy, sell,
or store electricity based on their present and expected future
loads, generation capabilities, and storage capacity. There are
literature related to application of MAS in SG for improved
system operations, performance and interaction of different
parts of the SG as have been discussed in [80]–[83].
VOLUME 9, 2021
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III. DRM APPLICATIONS IN SG
A. DRM IN SMART GENERATION/DISTRIBUTION GRID
(SGG/SDG)

In recent years several developments that have led to the
expansion of SG’s new face of electricity management
appeared which involve concepts such as environmental protection which includes renewable generation and DRM for
better asset utilization including preservation of reliability,
as well as enhanced customer’s choice are considered as
key drivers for development of SG. Also, bidirectional interaction among wholesale markets/transmission operations
and retail markets/distribution operations is an important
point that should be taken into consideration, especially
with the progress in IoT systems and possibility of cyber
security attacks. Moreover, the reduction of the power
consumption by consumers via initiating on-site power generations like [48] brings new potentials for DRM programmes.
For instance, the UK’s recent initiative ‘‘Prospering from
the Energy Revolution’’ to promote smart local energy
systems, has highlighted the importance of study in this
area [84], [85].
Thus, investigation about the role of DRM or distributed
energy resources (DER) under the platform of SG is crucial.
Especially, in the context of energy and ancillary service markets facilitated by the independent system operators (ISOs)/
regional transmission organizations (RTOs), the market products are dependent on the ISO/RTO design and applicable
operational standards.
The emerging use of thermal storage for peak shifting,
the anticipated growth and cost reduction of solar photovoltaic (PV) generation at residential and municipal levels,
the anticipated shift from conventional fuel transportation to
plug-in electric vehicles (PEVs), the advent of low-cost smart
sensors, and availability of two ways communication network across utility service territory are anticipated in future
SGG/SDG system operations. It should be noted that all of
these programs require DRM to control and optimize the
energy consumption to not only protect the grid from outages and prevent from experience such as California’s energy
crisis which caused to turn off in the large extent, but also
provide the opportunity for better consumption of electricity
especially in peak demand periods. In this way [86] provides
a comprehensive survey on consumers’ empowerment, communication technologies, and renewable generation in the SG
to address the issues and challenges about the aforementioned
key concepts.
B. DRM IN SMART TRANSMISSION GRID (STG)

The power transmission grid (PTG) has been developed in
recent years progressively [87]. There are many challenges
related to the concept of STG that can be attributed to environmental and customer needs, infrastructure challenges, and
innovative technologies. On the perspective of SG, there are
some programs that were created to achieve tremendous gains
in the enhancements of system reliability, and capacity. For
example, the IntelliGrid program is initiated by the electric
VOLUME 9, 2021

power research institution (EPRI) with the aim of creating a technical foundation for the smart power grid which
links electricity with communications and computer control.
It provided the methodologies, tools, and recommendations
for open standards and technologies with implementation
of advanced metering, distribution and automation, demand
response, and wide-area measurement [88]. There are also
other programs such as SmartGrid, formed by the European technology platform (ETP), or Federal Smart Grid Task
Force which was established by the US, with objectives that
were identified for providing electricity networks flexible to
customer’s requests, access to network users and renewable
power resources, reliable for security and quality of power
supply and economic to provide the best value and energy
management.
In all these programmes DRM is considered as one of
the important ingredients of SG. The transmission grid consists of three interactive parts: control centers, transmission
networks, and substations. Under the platform of SG, smart
control centers involve monitoring/visualization, analytical
capability, intervention, and interaction with the electricity
market. Then, smart transmission networks consider high
efficiency, flexibility, self-healing, advanced transmission
facility. Finally, smart substations are related to DRM programmes that deal with aspects such as real-time modelling,
and data management.
C. DRM IN SMART SUBSTATIONS

The smart substations in the transmission grid are to enable
more reliable and efficient monitoring, operation, control,
protection, and maintenance of equipment in substations.
The major characteristics of a smart substation include digitalization, autonomy, coordination, and self-healing. Smart
substations should provide advanced power electronics and
control interfaces for renewable energy and demand response
resources. These systems incorporate microgrids to deliver
quality power to consumers. There are studies around microgrids and DRM in SG which emphasizes the importance of
DRM especially in STG. For instance [89] applied demand
response with an artificial neural network-based model for
predictive control in SG. It can be deduced that with the cooperation of DRM and STG, increased flexibility in control,
operation and expansion will be provided. Considering the
main goal of smart substations in SGs it should be noted that
development and implementation of any proposed integration
framework requires a concerted effort for extension of the
existing technologies in the future. This should focus on promoting forward-looking research and development to solve
underlying critical issues in the long term in order to ensure
economic prosperity and guarantee the environmental health.
D. SMART CONSUMERS

Regarding the recent development in Building Energy
Management Systems (BEMS) which have followed the
advancements made in electric loads monitoring in residential buildings, the front-end topology of typical loads has
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been changed and diversified. So, understanding the working state of these loads, using power consumption monitoring techniques is an important issue especially, for DRM
programmes. This would enable customers to control their
energy consumptions in peak demands. The concept of smart
consumers refers to those groups of residential electricity
consumers that use load monitoring technologies to be aware
of price changes in the price in critical peak periods and
control their consumption accordingly. Based on this definition, the more advanced monitoring technology, the smarter
the consumer is. The usage behavior is a crucial part of
load monitoring and a practical product of load monitoring
should provide energy usage information in the residential
building. Usage behavior is related to two factors: consumer
consumption behavior and load diversity.
• Consumer energy consumption behavior
This involves factors such as the size (large, medium and
small), sector (residential, industrial, commercial and
agricultural), income level (high, middle and low) and
finally social or cultural level (high, average and low) of
the consumer.
• Load behavioral aspects of appliances
In HEMSs it is important to consider the load diversity as
it plays an important role in DRM regarding modeling,
scheduling, and optimization. Load behavior is related to
power consumption, application of appliance, and time
period that the appliance should be on. Also, it is an
important factor in load monitoring. For example, loads
with really small power consumption, like cell-phone
chargers, hard drive adapters, transformer adapters do
not need to be monitored. Even though these loads
account for a large amount of waste energy, they are still
too small to be considered in DRM in practices of home
energy management.
IV. DRM MODELS AND ALGORITHMS

To address the DRM problems regarding the choices between
economic and load incentives, various algorithms have
already been proposed with different objectives. For instance,
dynamic programming [90] or fuzzy logic and linear programming that have also been proposed in [91] are mostly
used for load management programs. References [92], [93]
developed load controlling algorithms. It is important to
know which type of load is controlled. If it is a thermostatically driven load, it should be clarified whether it is air
conditioners, space heaters, water heaters or water-pumping
loads. In load management programs the next step after load
identification is solving the problems related to the kind
of identified loads. For instance to solve cold load pick-up
problems for thermostatically controlled appliances (TCA)
[94]. For solving load management problems various parameters have been practiced. In this paper some parameters that
have already been practiced were mentioned, however, this
is an open issue, and in the future other parameters may be
discovered as well. Also, there are many programs under
which load management in DRM is concerned. Some of these
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programs are: unit commitment programs [95], [96] which
involves subprograms like centralization/decentralization or
resource prioritization [97]. On the other side, there are some
algorithms that have been proposed for price based scheme of
DRM and are heavily dependent on the kind of programme
under practice, e.g. RTP, CPP, and TOU. In this regard,
there are many studies on load management techniques [2],
[4], [29], [98], [99]. Another approach is the game-theoretic
approach which is a common method for the problem of
welfare maximization when two sides of companies and
consumers compete with each other to gain maximum
benefit [100].
The models and algorithms that are used for solving DRM
problems are divided into two categories. These categories
consist of convex optimization and machine learning techniques. These approaches might be selected based on the kind
of the problem and available parameters that are taken into
consideration. In the following sections an example for each
approach is considered.
A. ALGORITHMS BASED ON CONVEX OPTIMIZATION

In this section an example for solving a DRM problem based
on convex optimization approach is explained to determine
the local optimum in an optimization problem. In this scenario their is a bidirectional interaction between end-users
and energy providers.
In [4], RTP was formulated as maximization of social
benefits among the consumers and the energy provider. It is
defined based on the subscription of aggregation of users’
utility from energy provider’s cost function. The constraint is
the summation of the power consumption not exceeding the
generating capacity at each time interval. As maximization
of users’ satisfaction and minimization of the cost imposed
to energy provider is the goal, therefore, mathematically the
optimization problem can be written as:
X
U (xik , wki ) − Ck (Lk )
maximize
xik ∈Iik , Lkmin ≤Lk ≤Lkmax k∈K ,i∈{N } i∈{N }

subject to

X

xik ≤ Lk , ∀k ∈ K

(1)

i∈{N }

In above equation function U is the utility function that
shows the level of satisfaction of consumers. It is defined as
a function depending on factor x and w which are considered as consumption and a factor which represents level of
consumption for each user respectively. The {K } is denoted
as a set of k timeslots. Here, xik is the consumed power at
time interval k of consumer i. It is assumed that there are
a set of N users requiring electricity and each consumer
i ∈ {N } requires some electricity to run the appliances.
The power consumption for each time interval is bounded as
xik ∈ [mki , Mik ], where mki is a minimum power consumption,
and Mik refers to maximum power consumption. The cost
function of providing electricity is assumed to be increasing
and strictly convex as:
CK (Lk ) = ak Lk2 + bk Lk + ck , ak , bk , ck ≤ 0

(2)
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FIGURE 6. AI based algorithms for DRM in SG [67], [101]–[111].

The problem can be solved separately at each time interval
by users and also the energy provider. In this case, each user
determines the optimal consumption xik∗ from
xik∗ = arg maxU (xik , wki ) − λk (xik )

(3)

xik ∈Iik

where λk is the Lagrange multiplier representing the energy
price. Then xik∗ is sent to the energy provider who determines
the optimal Lk from
Lk∗ =

arg max λk (Lk ) − Ck (Lk )

(4)

Lkmin ≤Lk ≤Lkmax

The energy provider updates the price λk according to
the gradient projection method that is explained in [4] with
consideration of load uncertainty and variation in the number
of users. We consider this approach as mathematical solution
for solving an optimization problem which gives a local
minimum. However, there are some problems that finding the
local minimum is difficult or not possible, therefore machine
learning approaches can be considered. Such kind of problem
and an algorithm for solving it, is explained in the next
section.
B. A REVIEW ON ARTIFICIAL INTELLIGENCE TECHNIQUES
FOR DISTRIBUTED 5G ENABLED SMART GRIDS

In this section AI techniques that are used for various DRM
programmes are reviewed. The main goal of this section is to
provide an understanding of AI algorithms and methods that
improve the performance of SG. Figure 6, provides a literature review on AI-based algorithms for various problems such
as load forecasting, price forecasting, lightning strike detection, and so on. This figure illustrates how AI algorithms are
VOLUME 9, 2021

used in various parts of a SG. These include distributed grid
management, renewable energy source integration, energy
storage systems, home energy management systems, and
security aspects for fraud detection. As the SG will be more
reliable and the communications in different layers will be
faster and more secure under the platform of 5G, in this
section we also investigate the AI algorithms which improve
computation offloading in 5G systems. As edge computing
in 5G networks are quite prevalent to improve performance
of SG, therefore we provide a review on AI techniques in
computation offloading edge computing and, in vehicular
edge computing network.
Table 5 provides research into available algorithms and
their advantages in computational offloading in edge computing for 5G systems.
C. ALGORITHMS BASED ON ARTIFICIAL INTELLIGENCE
APPROACHES

In this section we provide an example for application of reinforcement learning and artificial neural network for demand
response in home energy management system. The demand
response algorithm was executed in [109] and is represented
in figure 7. A steady price prediction model based on artificial neural network is explained to predict future electricity
price. In this algorithm multi-agent reinforcement learning
was adopted to make optimal decisions for different home
appliances. In this work each residential appliance has its own
agent with different actions. They can make the decision for
turning an appliance ‘on’ or ‘off’ based on some rewards or
incentive mechanisms. In this scenario the loads are divided
into non-shiftable load that has only one action, ‘‘on’’, as it
cannot be scheduled; shiftable load that has two available
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TABLE 5. Review on AI algorithms for Edge computing in 5G networks.

actions, ‘‘on’’ and ‘‘off’’; and finally controllable load that
has set of actions, i.e., 1, 2, 3. . . , to represent various power
ratings at different levels. Also, the states are denoted by
appliance’s energy consumption information. The key elements in this RL include: a discrete hour h, an action ah ,
a state sh , and a reward r(sh , ah ). The term ν is used to denote
the policy mapping states to actions, i.e., ν : ah = ν(sh ). The
objective of this problem is to discover an optimal policy ν
for each state sh so that the action ah selected maximizes the
reward using Q-learning technique by solving the following
equation:
ν ∗ = arg maxQ(sh , ah )

(5)

creates a variety of benefits, which can be listed into four
groups:
a) Participant financial benefits that includes bill savings
and earned incentive payments.
b) Market-wide financial benefits consisting of production costs and prices down for all wholesale electricity purchasers due to the use of the most cost-effective generation;
reduced the costs of power supply in the long term and
eventually passing some of the benefits to the consumer bill
savings.
c) Reliability benefits that involves reducing costs and
inconvenience for consumers as a result of the improvement
of system security and adequacy.

V. DRM BENEFITS AND CHALLENGES
A. DRM BENEFITS

B. DRM CHALLENGES

According to the US DoE report on demand response benefits
analysis, the most important benefit of demand response is
improved resource-efficiency of electricity production due
to closer alignment between customers’ electricity price
and the value they put on the electricity. This efficiency

Based on the previous review of existing research and practices, a variety of challenges and opportunities for DRM programs have been identified below including those that haven’t
been done much in the scientific community. The main challenge remains on increasing the efficiency of the SG.
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FIGURE 7. Flowchart for implementing the algorithm proposed in [109].

•
•

•

Modelling
There are many DRM challenges regarding the selected
parameters that can be used for modeling in DRM programs. For instance, one aspect of modeling the appliances is to see whether it operates on a discrete power
level or a continuous range of power levels. Considering
the fact that some appliances that can be modelled as a
kind of rely upon a continuous range of power levels may
work on discrete power levels for a short period of time
which can cause new approaches for modelling loads in
DLC programs. Such models are not only applicable for
non-consistent behaviors of loads but also are applicable
for price-based programs as well [119], [120].
Security Challenges
There are many programs under SG which involve interaction among several utilities or agents such as MAS
[51], [121], group load shifting (GLS) [122], or microgrids, where exchange of power usage information is
needed. Therefore security issues are an important challenge that needs to be taken into consideration. In this
way there are a wide range of literature that considered
security challenges in IoT based SG [123], [124]. Some
of security challenges in IoT based SG consists of standardization protocols, cognitive capability, power, consumer illiteracy, weak regulations, privacy issues, and so
on. While 5G networks provide higher bandwidths and
lower latency for edge IoT devices to access the core
network, it has also the potential to expand the attack
surface of the core network. Therefore there are some
ongoing research to improve the intrusion detection systems using machine learning such as [118] which has
applied multiple-kernel clustering (MKC) algorithms to
prevent external intrusions. However, processing massive amounts of data is a challenge that still needs more
focus in future works.
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Reliability
Reliability is one of the most important aspects of DRM
programs in SG. In [125] reliability issues of SG neighborhood area networks (NANs) were discussed. According to this research communication reliability for nodes
and links consists of aspects such as reliable networking design, node and link failures, system malfunction
related to failures in computing systems, power outages
related to loss of electricity supply in a certain period,
and cyber attacks are considered as one of the biggest
issues to system reliability.
Market/Customer needs
Power market policies and DRM programs need to be
developed to sustain the transparency and liberty of the
competitive market. Customer satisfaction with electricity consumption should be enhanced by providing high
quality/price ratio electricity and customers’ freedom to
interact with the grid. In order to address this challenge
[126] introduced a smart algorithm to maximize the
benefit of both end users and energy providers.
Infrastructure challenges
The existing infrastructure for electricity transmission
has quickly aging components. Also, with the pressure
of increasing demands, network congestion is increasing. Therefore, fast online transmission tools, wide-area
monitoring, measurement and control, and fast and accurate protections are needed to improve the reliability of
the network. Also in modern SG because of enhancement in IoT systems the security issues should be considered seriously. In this way SG infrastructure should
be reliable enough to analyse big data in a short period
of time. One of important factors related to network
infrastructure in SG is resilience, which is a property
of systems that describes their ability to be recovered
from catastrophic events. In [127] the methods, challenges and opportunities related to SG resilience were
discussed. Elements making up the system, their configurations and interactions and the environment that
surrounds the system are three key factors that influence
the resilience of the infrastructure of the SG.
Innovative technologies
Related to innovative technologies there are two key
points that should be considered. On the one hand,
the innovative technologies, including new materials,
advanced power electronics, and communication technologies, are not yet mature or commercially available
for the revolution of SG. On the other hand, the existing
grids lack enough compatibility to accommodate the
implementation of modern technologies in the practical networks. As DRM programs are highly related to
aspects such as automation especially for RTP programs,
innovative technologies should be taken into consideration. There are challenges related to 5G IoT based SG
that are mostly relevant to security and reliability of the
system. In this regard [9] discussed challenges related to
5G IoT based SG networks. For instance, the emergence
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of the 5G network will lead to a significant increase in
the number of connected devices. This will lead to a rise
in the power consumption that should be considered for
further investigation.
Economic challenges
The gap between lagging investment and increasing
power demand causes deterioration in power reliability,
which is an economic challenge. Therefore, for a successful DRM programme a suitable tariff and enabled
technology is required. In this regard there is a wide
range of literature providing solutions to optimize benefit of different parties in SG [4].
Other Challenges
There are also other challenges such as lack of a direct
connection between increasing presence of renewable
energy sources, measurement and verification, lack of
interoperability and open standards, and finally lack of
customer awareness and education.

VI. CONCLUSION

This paper has provided a review of DRM programmes,
models, algorithms, communication aspects, and applications
as well as its benefits and challenges under the context of SG,
considering the potential application of 5G technology. Both
the price-based options and incentive-based options were
investigated.
Regarding the fact that SG consists of four parts of generation, transmission, distribution, and end-users, current and
ongoing DRM programmes were reviewed in each part of
the grid separately. However, there are multi-dimensional
challenges related to the implementation of SG programs,
including economic, environmental, infrastructural, innovative, and marketing concerns. In this paper DRM as a useful
tool that can be considered to overcome these challenges in
its ongoing and future programs was investigated and the
benefits that can be achieved through advanced DRM programmes were explained. This paper presented an overview
of various aspects of DRM with the goal of providing a
vision for future research. Applications beyond 5G in SG
and improved AI algorithms to provide a facility for very
low-latency communications are promising areas for future
investigation.
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