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Progress in Demand Response and
It’s Industrial Applications
S. M. Shahnewaz Siddiquee1*, Bianca Howard2, Ken Bruton1, Alexander Brem1 and
Dominic T. J. O’Sullivan1

1Intelligent Efficiency Research Group (IERG), School of Engineering, University College Cork, Cork, Ireland, 2Building Energy
Research Group, Loughborough University, Loughborough, United Kingdom

Achieving energy flexibility is becoming a key concern for energy system planners that
manage intermittent and variable generations. Industries have enormous potential to
deliver large-scale energy flexibility through demand response (DR) programs. This
industrial demand flexibility achieved through the demand response programs will
enable widespread adoption of renewable sources in the electricity grid network. This
paper aims to provide a comprehensive review of demand response and it’s industrial
application by addressing: 1) Current research status, 2) Current stages of demand
response applications in industries, and 3) Barriers in the deployment of DR programs. This
study shows that there is significant research progress in recent years in the field of DR. It
also shows potential applications of DR programs in industries. However, the study found
several technical, policy, and financial barriers still exist, limiting the widespread adoption of
DR. Thus, this paper offers recommendations on technical, policy, and financial measures
needed to over-come the barriers and help facilitate the utilization of demand response
potential, especially in industries.

Keywords: demand response, smart grid, systematic review, industrial demand response, demand response policy,
demand side flexibility

INTRODUCTION

The need for cleaner energy generation has resulted in more Distributed Energy Resources (DER)
integrating into electricity grids, creating new challenges to maintain a stable operation for power
system operators. To accommodate this new energy generation mix, energy systems are forced to
undergo rapid transformation (Antonopoulos et al., 2020). Most of the DERs are inherently
intermittent, i.e., highly volatile depending on the weather dependencies. Hence it is quite
challenging to predict their electrical power output. It also creates grid stability and reliability
problem because of congestion and voltage issues (Eftekharnejad et al., 2013). As a result, the
electricity grid operator requires more flexibility to safeguard their daily operation and maintain the
grid’s stability.

The electrical grid operation is currently entering an era where many new services have been
introduced thanks to the formulation of the smart grid concept to tackle the challenges posed by
integrating DERs into the electricity grid. Demand Response (DR) is a modern service that helps the
grid operator provide flexibility to their system. Traditionally DR is a mechanism in which customers
are provided with incentives by the grid or utility operator in response to the change of their
electricity consumption behavior by responding to the grid operator’s event signal (Palensky and
Dietrich 2011). The grid operator aims to reduce the critical peak demand and transfer the peak
consumption between different low consumption periods (Huang et al., 2019). The smart grid’s
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demand response capabilities enable supply and demand to
interact with each other by exchanging price and demand
information to decide on energy usage (Deng et al., 2015).
Provided with sufficient incentives, the customers are willing
to change their energy usage pattern to a trade-off between their
comfort and electricity bills. Many pilot projects have already
been developed involving demand response program
demonstrations worldwide (Handa et al., 2008).

Industrial plants are extensive energy consumers and already
have an infrastructure with sensors, metering technologies, and
operators. Hence more substantial participation in demand
response programs than residential or commercial might be
expected. However, based on recent data, it is suggested an
opposite trend exists. The lower participation rate in the
industrial demand response program is due to the lack of
proper knowledge sharing between the stakeholders, technical
constraints, technical complexity of application due to variation
in an industrial process, and dependencies and reliability
concerns (Shafie-Khah et al., 2019).

Motivation and Scope of Review
The rising interest in demand response research is well
illustrated by the sharp increase in research interest in this
domain. The increased scientific publication in this field
requires a comprehensive review that points out the key
driving factors in DR research, current barriers, and
challenges especially in industrial demand response
application. This can then act as a guide based on the
existing knowledge reported in the current literature.

This paper aims to provide a systematic review of progress in
the demand response domain in general and its industrial
applications. The overall goal of the review is as follows.

• First, we aim to provide a comprehensive review of demand
response and the application demand response in

industries. Therefore, we provide a broader perspective of
the domain’s evolution and potential future research paths
with specific industrial applications.

• Second, this review includes a systematic discussion of the
barriers and challenges of demand response in industrial
applications

• Third, this review also includes a systematic discussion of
the initiatives required for widespread demand response
programs in industries.

Related Reviews
There are numerous review papers published to date that covered
demand response research, and it’s broader perspective. Most of
the review papers mainly focused on the residential and
commercial sector, and few articles are available to date that
incorporate the industrial aspects of the demand response.
Table 1 illustrates a summary of the top review papers that
are reported.

The review papers published previously that addressed the
evolution of demand response in smart grid mainly focused on
smart grid technologies that helped implement demand
response programs. The reviews also covered the modeling
approaches and optimization framework for demand
response, the pricing mechanism, market structure, and
policy and regulatory requirements for implementing
demand response programs.

In Samad and Kiliccote (2012), smart grid technologies such as
automation systems for energy efficiency, direct load control,
and automated demand response have been discussed using a
real case study from Aluminium, food, Cement, and
Refrigeration facilities. The study found that even though
smart grid technologies are widely available in industries,
more research is still required to fully integrate them into the
industrial system. Developing technologies such as smart
meters, energy controllers, and communication systems have

TABLE 1 | An overview of review papers in the field of DR.

References Title Contribution

Samad and Kiliccote
(2012)

Smart grid technologies and applications for the industrial sector • Introduces a review on smart grid technologies and their application in
industries

Aghaei and Alizadeh
(2013)

Demand response in smart electricity grids equipped with
renewable energy sources: a review

• Review on DR application in plan and schedule of renewable energy
resources

Siano (2014) Demand response and smart grids- a survey • A comprehensive review on DR technologies, including real industry case
studies

Deng et al. (2015) A survey on demand response in smart grids: Mathematical
models and approaches

• Review on features of DR describing types, issues, and future extensions
• Analysis of existing mathematical models

Vardakas et al. (2015) A survey on demand response programs in smart grid: Pricing
methods and optimization algorithms

• Review on various DR scheme classification based on the control
mechanism

• Review on optimization models in DR
Behrangrad (2015) A review of demand-side management business models in the

electricity market
• Review on DR applications and status of DR programs in the United States

energy market
Shoreh et al. (2016) A survey of industrial applications of demand response • Review on demand response applications in industries and their barrier and

challenges
Shafie-Khah et al.
(2019)

Comprehensive review of the recent advances in industrial and
commercial DR

• A comprehensive review on demand response application in commercial
and industrial sector with benefit, disbenefit of DR, its barriers and challenges

Current paper Progress in Demand Response and It’s industrial applications • Review of demand response domain focused in industrial application, its
barrier and policy challenges with recommendations
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been discussed to illustrate the demand response potentials and
benefits in a smart grid ecosystem (Siano, 2014). The study was
carried out by analyzing the industrial demand response
projects and related research from the United States. Further
research requirements have been suggested in measurement
technologies, optimization and control systems, and
communication technologies to facilitate the widespread
utilization of demand response programs. Shafie-Khah et al.
(2019) reported more recent advances in technologies,
especially in the industrial sector for DR, explaining the
potential of combined heat and power systems for DR
application. Newer technologies and appliances such as
energy storage (Batteries, Thermal storage) and electric
vehicles can deem potential for DR application focused in
industries.

Mathematical models and optimization approaches in DR
have been reported in Deng et al. (2015), and different DR
schemes have been classified in Vardakas et al. (2015). The
deployment of a successful DR program relies mostly on a
suitable DR scheme that matches the stakeholder’s
expectation, accurate mathematical modeling of DR
participating assets to get a realistic evaluation of revenue,
qualifying DR participation requirements, and secure
communication infrastructure to mitigate the privacy
concerns. Thus further study on how these factors impact the
current deployment of DR, especially in industries, is critical.

This paper aims to fill the gaps in previously published
literature by formulating four research questions that examine
recent research directions, current industrial demand response
application status and identified barriers in demand response
programs. This paper provided an in-depth review of recent
progress in the demand program by synthesizing answers to four
research questions.

METHODOLOGY

This review has been carried out to provide an in-depth analysis
of demand response applications in the smart grid. Additionally,
it also covered the current state of demand response applications
in industries. Finally, the study further investigated the barriers
and challenges in widespread adoption in demand response
programs, especially in industries.

The review is based on a systematic process that was
formulated by specific research questions. Search terms were
developed in relation to the research question, and a primary
search has been conducted in digital databases. Relevant paper
metadata has been retrieved and stored for the next phase of
the review process. A set of inclusion and exclusion criteria has
been applied to screen the papers further. The final literature
set that remained from screening was used to perform a
bibliometric analysis for the first research question.
Bibliometrix- an R-based tool has been used to perform the
bibliometric analysis. To investigate the current research trend
and identify the research themes in the demand response
domain, a Multiple Correspondence Analysis (MCA) has
been performed to cluster the literature’s keywords. MCA

corresponds to each keyword frequently occurring in a
bibliometric collection into points in a two-dimensional
map where a group of points representing each keyword
forms clusters expressed as common research themes. The
secondary screening was done to find relevant papers for the
rest of the research questions. The remainder of this section
describes these steps in detail.

Research Questions
The research questions have been formulated to guide the review
process into a specific scope. Each of the research questions is
related to a different aspect of the topic and gives a broad
overview.

• RQ1: “What are the current research trends in the demand
response domain?”

The purpose of the first question is to give an overview of the
research that has been undertaken in the demand response
domain. It provides the emerging research themes in this
domain and the research questions that are being addressed. A
bibliometric analysis of keywords that are found in the metadata
retrieved from the initial query identified six emerging research
themes in this domain. It helps to quickly categorize the literature
based on research themes and recognize the field’s key
contributions.

• RQ2: “What is the current state of demand response
application in industries?”

The second question aims to give an overview of the current
application of demand response programs in industries.
Industries are one of the largest energy consumers and have
good potential in terms of demand response application.
Therefore, this research question intends to provide the
current demand response applications in industries reported in
the literature.

• RQ3: “What are the most significant barriers to adopting
demand response programs in industries?”

This question aims to investigate the key barriers that slow
down the adaptation of demand response in industries. The
review focused on pointing out technical, social, financial, and
policy barriers limiting the widespread deployment of demand
response programs, especially in industries.

• RQ4: “What measures can influence the widespread
adoption/deployment of demand response in industries?”

This question finds the answers to the measures that can
influence participation in demand response programs by
industries and other stakeholders. This takes account of
previous research questions, especially where the demand
response domain research is currently, industrial application
status, and identified barriers limiting the adoption of demand
response applications.
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Table 2 describes the research questions that have been
addressed throughout the paper.

Review Process
The principal repository used to identify relevant literature has
been the Scopus search engine, the largest abstract and citation
database of peer-reviewed literature. The query used in the search
engine is the following.

“(TITLE-ABS-KEY ( ( “ Demand Response” OR
“Demand Side Response”) AND “ Smart Grid”) OR
TITLE-ABS-KEY (“Demand Response” AND

“Industry”) OR TITLE-ABS-KEY (“Demand
Response” AND ( “Policy” OR “Regulation”) ))”

The initial search yielded 5,592 records, which came down to
2,350 articles after applying the inclusion and exclusion criteria
shown in Table 3. The metadata of 2,350 articles has been used to
perform the bibliometric analysis, which formulated the findings of
research question 1. The 80 most highly cited papers have been
selected from bibliometric analysis findings, which are directly
related to the emerging research themes that have been identified.
An additional 66 articles resulted from the rest of the search record
by Snowball approach. A secondary repository was formed with

TABLE 2 | Research questions of the paper.

Research questions

RQ1 What is the current research trend in the demand response domain?
RQ2 What is the current state of demand response application in industries?
RQ3 What are the most significant barriers to adopting demand response in industries?
RQ4 What measures can influence the widespread adoption/deployment of demand response in industries?

TABLE 3 | The inclusion and exclusion criteria for literature search.

Inclusion criteria Exclusion criteria

Publication period 2010–2020 Before 2010 and after 2020
Document type Journal, review articles Conference article, book chapter book, letter, erratum, editorial, notes
Source type Journal Conference proceedings, book series
Language English Other languages

FIGURE 1 | Stages of review and the elimination of papers throughout the screening process.
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above mentioned 146 papers for full-text review. Figure 1 illustrates
the methodology highlighting the details in each stage of the process.

RESULT

Research Question 1: “What is the Current
Research Trend in the Demand Response
Domain?”
By conducting a comprehensive review of the current literature
and existing technologies in this area, it is possible to evaluate the
topic and present specific findings. Many works of literature
reported and identified the current research trend in the demand
response domain. However, due to the larger number of studies
published over the years, it is very time-consuming to identify the
research topic’s critical aspects. Keywords are generally used to
emphasize the research theme as well as the content of the
publication. Hence it can be useful to derive a high-level

overview of the field by using bibliometric techniques.
Preliminary results of the bibliometric analysis were published
in Shahnewaz Siddiquee et al. (2020). Figure 2 shows the
conceptual structure from multiple correspondence analyses
performed using the Bibliometrix tool. The figure’s
interpretation is based on the relative position of the points
and their distribution along the dimensions; as words are
more similar in distribution, the closer they represent in the
figure (Aria and Cuccurullo 2017).

Each of the color groups in Figure 2 is a cluster of keywords
that represent a research theme. Table 4 provides the research
themes identified in Figure 2 and summarizes the key research
questions found in the literature related to each research theme.
The key research questions have been synthesized by reviewing
papers that represent each of the research themes.

Among the research themes, articles have been published
under Smart appliance control, where an emphasis was given
to identifying suitable assets that can participate in a demand
response program. Different optimization frameworks that

TABLE 4 | Outlook on demand response research themes with key research questions and indicative studies listed`.

Themes Questions Indicative study

Smart appliance
control

Which type of appliances is suitable for DR application, and How long can
they participate in DR?

D’hulst et al. (2015), Kobus et al. (2015), Labeeuw et al. (2015), Ma et al.
(2016), Perez et al. (2016)

Grid energy
management

How to model DR participating assets (loads) more accurately and what
impact it has on the grid level energy management in a DR application
context?

Brusco et al. (2014), Alipour et al. (2015), Baldi et al. (2015), Bernstein
et al. (2015), Balasubramaniam et al. (2016)

Load management How to aggregate different types of loads (controllable/flexible) in DR
application and control those aggregated load to perform DR associated
services?

Mathieu et al. (2013), Mahdavi et al. (2017)

Ancillary services What is the impact of asset characteristics in DR applications participating
in ancillary services?

Kadurek et al. (2014), Vrettos et al. (2018)

Energy market What market structure works best in terms of DR participating revenue
maximization for stakeholders?

Mahmoudi et al. (2014), Li et al. (2015), Maharjan et al. (2016), Kazemi
et al. (2017)

Advanced metering How to incorporate smart meter data to facilitate knowledge sharing
between stakeholders, including identifying asset features for DR
assessment tool and privacy research?

Dong et al. (2012), McKenna et al. (2012), Kwac et al. (2014),
Gajowniczek and Zabkowski (2015)

FIGURE 2 | Conceptual structure of demand response research domain by highlighting the research themes found from multiple correspondence analysis (MCA)
of the keywords.
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considered the key optimization parameters such as cost, energy
efficiency, user comfort have also been addressed
(Pipattanasomporn et al., 2014; D’hulst et al., 2015; Kobus
et al., 2015; Labeeuw et al., 2015; Ma et al., 2016; Perez et al.,
2016). Pricing schemes remain a crucial challenge to identify the
user’s willingness to participate in DR programs. Alternatively,
the estimation of uncertainties in electrical load estimation and
the frameworks to include the uncertainty measurement are
getting significant attention (Yu et al., 2013; Pipattanasomporn
et al., 2014).

Different DR control frameworks on grid-level energy
management with distributed energy resources have been
investigated to assess the impact of maximizing DER
integration to the grid. Demand response facilitates DER
integration by incorporating different resources (thermal loads,
EVs, Energy Storage) and utilizing their flexible load changing
capacity (Huang and Li 2013; Wang et al., 2013; Brusco et al.,
2014; Bernstein et al., 2015; Alipour et al., 2015; Baldi et al., 2015;
Aghaei et al., 2016; Balasubramaniam et al., 2016; Liu et al., 2017).
However, accurate mathematical modeling of these resources is
essential to fully harness their wability and integrate them into a
DR framework.

The increasing number of thermal loads and EVs bring
massive challenges to the traditional grid. However, some
loads such as EVs can also inject the electrical power back to
the electrical power grid. Therefore, it provides an excellent
opportunity to achieve active demand response and provide
associated services to facilitate grid stability in the presence of
intermittent resources (Mathieu et al., 2013; Mahdavi et al., 2017).
But how to aggregate different types of loads to participate in the
DR framework, also coordinated control of these loads remains
an important research question that is being addressed under the
direct load management research theme.

Several works of literature were also focused on utilizing DR
for ancillary services. As intermittent resources’ penetration is
increasing continuously, the grid stability issues such as
frequency and voltage regulations are getting attention under
the DR paradigm. The effect of system parameters due to external
disturbances, such as significant generation drop or large load
drops, is studied. The impact of the load characteristics on system
parameters has also been researched extensively in recent days
(Kadurek et al., 2014; Vrettos and Andersson 2016).

There have been some extensive studies on the market
behavior of demand response resources. Different market
structures and strategies remain the primary focus of
previously published studies. The lack of a market mechanism
in the current market structure (Day-ahead/Real-Time) remains
a great barrier for demand response in most countries (Li et al.,
2014;Mahmoudi et al., 2014; Li et al., 2015;Maharjan et al., 2016).
Without an accurate market mechanism and demand response
model, estimating the demand response market’s real impact is
hardly possible. Hence there will be a significant change in the
consumers’ financial outcome, which has been estimated from the
existing model (Nguyen et al., 2013; Kazemi et al., 2017).

The penetration of advanced metering infrastructure enables
consumers to participate more in DR programs. Since the
introduction of market deregulation and market-driven

pricing, utilities have been searching to equalize consumption
with generation. Smart meters provide site-specific information,
which helps to make decisions in response to changing prices for
electricity according to the day and season. Hence feature
analysis of smart meter data has been getting significant
research attention (Dong et al., 2012; Kwac et al., 2014;
Gajowniczek and Zabkowski 2015; Haben et al., 2016).
Alternatively, intelligent technologies such as Non-intrusive
load monitoring (NILM) are getting popular for device-level
detection. As more appliances are now becoming intelligent,
i.e., IoT enabled (McKenna et al., 2012; Wang et al., 2016), it
opens up a new dimension where research has been done to
identify an individual device status to facilitate cost-effective
scheduling under the DR program.

Research Question 2: “What is the Current
State of Demand Response Application in
Industries?”
This section aims to briefly introduce and then classify the type of
industries that implemented DR programs. A summary of this
classification is presented in Table 5. It illustrates the dominant
industrial sector that has the potential to apply DR.

Aluminum Industry
Aluminum industries are considered to have good potential for
DR applications in the previously published literature (Shoreh
et al., 2016). The Aluminum production process involves
Aluminum smelting, where chemical reduction of aluminum
oxide happens to produce aluminum by an electrolytic method.
The process requires a considerable amount of electricity which
typically ranged hundreds of megawatt. Smelting absorbs about
46% of the overall resources consumed by aluminum
production. In aluminum’s typical smelter, 30–40% of the
overall manufacturing cost is devoted to electricity cost
(Zhang and Hug 2015). Aluminum smelting typically occurs
in smelting “Pots,” and a smelting process usually consists of
multiple potlines. In an ideal process scenario, the potlines
operate uninterrupted, and any interruption can hamper the
final product. However, the potlines are used at a very high
temperature to keep the produced alumina in a molten state.
This creates an opportunity for existing smelting plants to
provide demand response in two ways. Firstly small
reduction of load can be achieved by controlling the input
voltage of the potline. In this case, the deduction can be
achieved for a short period of time, and the process needs to
return to normal operating conditions to maintain the process
integrity. Secondly, demand response can be achieved by
turning off the entire potline to reduce electricity
consumption in a large scale. Due to the specific plant
limitation, the interruption period can be from minutes to
2 h. To enable a longer interruption duration, a factory with
multiple potlines can rotate the shutdown procedure between
multiple potlines. Generally, this is achieved by using the
opening of circuit breakers. Aluminum electrolysis is
categorized as an effective system for load shedding rather
than load shifting in DR programs, based on the reasons
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mentioned above because the usage rate for this procedure is
shown to be 95–98% annually.

Steel Industry
Steel processing industries are regarded as one of the most
complex industries to schedule, contrary to the aluminum
industry (Zhang et al., 2017). It is considered a large-scale,
multi-level, and multi-product industry consisting of similar
instruments, dynamic processes, and energy constraints. In the
steel manufacturing process, heat is produced by an electric arc
furnace or by induction that begins to melt scrap metal in the
furnace. In a specific Demand Response scenario involving the
steel manufacturing process, the process will stop immediately if
the process interruption due to participation exceeds half an
hour. The melting process needs to resume again as the scrap
metal starts to cool down. If the process is delayed for more than
half an hour, extra costs may result (Hubert and Grijalva 2012).
As reported, up to 2011, approximately 50% of German steel mills
have pre-qualified their furnaces as a positive capability in the
tertiary reserve market as part of the DR participation program
(Valdes et al., 2019). Compared to reserve energy costs, power
prices tend to be fair and smaller, and this is dependent on the
high valuation of missed loads in this process.

Cement Industry
The cement industry is one of the energy-intensive industry
which has a good potential for demand response program.
Cement industries consume over 350 trillion Btu of gasoline
and 10 billion kWh of electricity annually in the United States
only. As it is an energy-intensive industry, demand management
is a standard practice in the cement industry. Many literatures
also reported research on different factors that impacts energy
cost and energy consumption in the cement industry. For
example, study on energy prices in California (1977) analyzed
the impact of multi-level tariffs on cement plants (Rose 1997).
One example of the utilization of multi-level tariffs in Cement
factory is the reduction of daily peak demand nearly half by two
factories in England and France for higher price hours. In Mexico
and Latin America also, cement plants reduced their
consumption during peak hours. The presence of cement
plants in DR programs is mostly with DR programs focused
on price, especially real-time pricing (RTP) (Swanepoel et al.,

2014). Based on this, the cement plants interested in the DR
programs consider dynamic prices. The DR model optimizes the
cement output that ensures actual throughput. When the actual
throughput is guaranteed, the electricity cost is at the lowest
amount, even though there are no improvements in electricity
price. It should be noted that cement plant’s loads could be
categorized into three types of load, namely, non-shift, semi-shift,
and full-shift. In the literature, cement grinding and packaging
are considered full-shift processes. Kiln, preheating, and coal
grinding are non-shift processes, while crushing can be regarded
as the semi-shift process.

Food Industry
The food industry is another sector with enormous potential and
application of DR due to the nature of the process involved. The
food industry, especially those that have refrigeration and cooling
requirements in the process, has adequate returns for DR
deployment. Thermal inertia is used as a buffer in these
processes for moving and controlling cooling power
consumption. Since industrial refrigeration and cooling
warehouses generally have centralized control systems and
energy management steps, they have Auto-DR capacity. Open
ADR (Open Automatic Demand Response) protocol is used in
Auto-DR to continuously transmit signals over the internet to
allow facilities to automate their DR (Alcázar-Ortega et al., 2012).
Refrigerated warehouses are good candidates for DR deployment.
They are major energy users, especially during peak periods; these
loads account for almost 16% of the food industry’s total
consumption, based on a study (Wohlfarth et al., 2020).
Moreover, because these systems are not vulnerable to short-
term load curtailment, DR behaviors do not impact them because
of the load’s intrinsic thermal inertia. Processes in this field,
however, are basic and easy to understand. Any refrigerated
warehouse applications include storage in cold and frozen
areas used to freeze goods and construction services.

Other Industries
Both the pulp and paper mills are part of the industrial sector’s
larger electricity consumer. For example, an enormous amount of
electricity is used to separate Lignin fibers andmake them smooth
and suitable for the papermaking process. It is possible to adopt a
system that responds to dynamic pricing in the pulp production

TABLE 5 | Industries with high potential of DR application.

Sector Potential demand response
enabling assets and

process

Indicative study

Metal industry Electric arc furnaces, electric motors, thermal storage facilities, cooling
appliances

Castro et al. (2013), Sun et al. (2013), Castro et al. (2020)

Food Refrigeration units, pumps Goli et al. (2012), Alcázar-Ortega et al. (2012), Grein and Pehnt
(2011)

Manufacturing Smelting Zhang and Hug (2015), Starke et al. (2009)
Cement Grinders, motors, pumps Rose (1997), Swanepoel et al. (2014)
Paper and pulp Refining Paulus and Borggrefe (2011)
Glass
manufacturing

Electric furnace Aslam et al. (2015)

Frontiers in Energy Research | www.frontiersin.org June 2021 | Volume 9 | Article 6731767

Siddiquee et al. Progress in Demand Response and its Industrial Application

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


process if the paper mill’s thermos mechanical pulping lines have
a higher capacity than the paper machines. This also enables the
industry to participate in priced-based DR applications and
subsequently provide an opportunity for minimizing its total
electricity cost (Hadera, 2015). Table 6 highlights some industrial
application instances reported in the literatures.

Overall, some industries, such as aluminum, steel, cement and
refrigeration, have demonstrated a high DR involvement capacity
relative to other sectors. In terms of the relative similarities of the
processes and their technologies’ versatility, refrigeration systems
are desirable for DR deployment. The aluminum sector still has a
reasonably straightforward manufacturing mechanism and hence
encourages the introduction of DR programs. Cement and steel
manufacturing have more complex and intertwined processes than
the aluminum industry, but they are also suitable for DR because of
their massive energy consumption. On this basis, the potential for
DR implementation in these industries is reasonably valuable. The
capacity of cement plants for DR depends, to some degree, on the
amount of current material stock at the facility. Plants with less
storage capacity do not have as much DR flexibility.

Research Question 3: “What are the Most
Significant Barriers to Adopting Demand
Response Programs in Industries?”
The barriers of industrial and commercial DR can be divided into
several aspects. In the last decade, the conventional power system
is facing major transformation, moving into a competitive market
structure that enables smart grid services such as demand
response. Despite this transformation, DR execution, especially
in industries, faced some significant barriers such as lack of access
to information, lack of proper market mechanism, technical
constraints along with lack of policy and regulations (Good
and Mancarella 2019). In terms of access to information, a
potential DR Service provider may not have possible flexibility
information shared among the service’s potential buyers (Brown
2001). One of the primary reasons is the cost of collecting and
analyzing such information and the time required to perform
such analysis. A real scenario of the impact of information
sharing could be the forecast of electrical demand. If a
consumer cannot forecast its electrical load, it creates
uncertainty in providing necessary DR Service upon request. It
could significantly impact the reliability of the consumer and
create a potential risk for the DR Service provider.

The lack of appropriate market mechanisms in the current
market structure is another barrier for demand response.
Demand response is currently configured for emergency
contingency service and ancillary services with participation in
the day-ahead market. This market’s nature requires demand

response to be planned ahead of time or with substantial
advanced notice in an emergency scenario. Such requirements
prevent the consumers from withdrawing from participation if
the inconvenience becomes too great (Xenias et al., 2015).

The success of the entire demand response paradigm depends on
the willingness and mindset of the consumers. There are many
associated benefits of DR, but if the end-user is not satisfied with
the benefit to inconvenience factor, it may disengage and possibly
encourage them to withdraw from a DR participation. Currently,
most end-users are on retail tariffs, whichmay not prove beneficial in
demand response participation. However, the implementation of a
time-based tariff showed a significant impact on demand reduction in
peak hours. The time-based tariff allows the consumer to harness the
full potential of demand response participation by enabling demand
reduction in higher price periods (Nolan and O’Malley 2015).

At present, the technical requirements such as advanced
monitoring and communication technologies required for
widespread demand response are available. But lack of a
unified standard measurement and verification procedure
would harm consumer participation. To date, there are
different measurement and verification procedures are in
practice across utilities and service entities. Therefore, it
potentially reduces the accurate assessment of DR benefits due
to a lack of standard procedure (Oconnell et al., 2014).

Government decisions can sometimes cause a barrier in DR
implementation. The effects of these policies like taxation of DR-
enabling technology investment can create a barrier to the efficient
DR operation (Vallés et al., 2016). All electrical system’s regulations
are based on the assumption that the power flow is from large-scale
generators to distributed users. Hence, there is no adequate
regulation for demand-side participants in terms of
characteristics related to DR. Additionally, rules limitations for
locational price differentiation in markets will prevent all customers
from receiving the right value of DR. The regulations and policies in
various countries are different (Xenias et al., 2015). Thus, each
country should have its regulation for DR. For example, the United
States market model has DR aggregators who sell their DR capacity
to the wholesale electricity market. However, in China, due to the
lack of wholesale electricity market, grid companies make a contract
with consumers, and there is no incentive for them to contract with
DR aggregators because of lack of policy (Yang 2017). Table 7
illustrates the energy policies related to DR in United States, EU and
China in recent years.

There is also a lack of data security at the policy level that
discourages consumers, especially from industries to participate in
demand response programs. A clear definition of what data needs
to be exchanged between BRP, aggregator, and TSOs to ensure all
can fulfill their obligations while not sharing commercially
sensitive information is essential for encouraging the industrial

TABLE 6 | Industry-specific case studies reported in literature.

Industrial case Indicative study Industry type Service participated

Alcoa Starke et al. (2009) Aluminum Ancillary
Amy’s kitchen Samad and Kiliccote (2012) Refrigerated warehouse Auto DR, load shifting
Lafarge building materials Siano (2014) Cement processing plant Load shedding
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stakeholder to participate in demand response programs. Table 8
shows the key issues that limit the participation in demand
response programs, especially in industries.

Research Question 4: “What Measures Can
Influence the Widespread Adoption/
Deployment of Demand Response in
Industries?”
Several measures can be suggested in the literature that can
influence demand response programs in industries. Specially
overcoming the factors that have been addressed in research
question 3 is essential for the successful implementation of
demand response. Some measures could be taken immediately,
while others will take a longer time, requiring a change in

current technology status, policy reforms, and financial
reforms.

• Accurate knowledge about flexibility present in any
industrial system is essential for both the consumer and
potential buyer (aggregator or DSO or TSO) to understand
how much service a consumer can offer. However, the lack
of a standard assessment method and time-consuming,
complex assessment process discourages the consumer
from participating in demand response programs
willingly. A standard method for demand flexibility
assessment that is simple and faster is vital for ensuring
participation in demand response programs. Recent
advances in big data and data analytics can help to
overcome these issues.

TABLE 7 | A perspective on energy policy related to DR in United States, EU, and China.

Country Policy Year Content

United States (Shen
et al., 2014)

Energy policy Act 1992 Deregulation of electric industry and participation of IPOs in
wholesale market

FERC order 888 1996 Fair access and market treatment to transmission system
Energy Policy Act (EPAct) 2005 Reformation of national energy policy. Participation of DR resource

in energy, capacity, and ancillary service market
FERC order 719 2009 Elimination of the barriers to the participation of demand response in

wholesale markets
FERC order 745 2011 Equal treatment of generation and demand-side resources
FERC order 2,222 2020 Participation of distributed energy resource aggregations in markets

operated by regional transmission organizations and independent
system operators

EU (Vallés et al., 2016) Energy efficiency directive 2012 Promote rules to remove barriers in the energy market and
overcome market failure that may impede the uptake of energy
efficiency

Directive on energy efficiency (2018/2002) 2018 Amendment to energy efficiency directive
China (Dong et al.,
2016)

Electricity conservation management method 2000 Strengthen energy conversation management, improve energy
efficiency

Guidance of strengthening electricity DSM 2004 Sustainable development of electric power industry
The emergency notification of strengthening electricity demand side
management, implementing orderly power consumption

2008 Strengthening demand-side management and increase energy
efficiency

Power demand side management measures 2010 Implementation framework for DSM
The temporary managing method of central financial reward fund in
cities for comprehensive pilot work of electricity demand side
management

2012 DSM platform development, implementation of demand response,
and financial incentives for implementation of energy efficiency
measures

TABLE 8 | Key issues in demand response participation.

Focus Key issues

Information Lack of knowledge of technical aspects and potential benefits of DR among customers
Complexity in DR services
Security concern over data sharing

Regulatory/policy Unregulated market
Lack of appropriate market standard and acceptable practice
Policy lacking in defining the requirements of participation

Commercial/financial Commercial uncertainty in DR contracts
Initial higher cost of program participation
Lack of special pricing/incentives for smaller industries/consumers
Customer concern on non-performance penalty
Customer concern over DR impact on primary business

Technical Metering requirements either unclear or impractical
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• Subsequently, the consumers needed to be assured of
demand response’s impact on primary business or
process. For industries, the effect of participation in
demand response on the company or process is crucial
due to its direct relationship with the revenue. Proper
initiative needed to be taken to make the consumers well
informed about the potential impact of demand response
revenue on its annual energy expenditure and its risks.

• In terms of policy measures, DR programs need to be
integrated into the overall energy policy and energy
initiative. This will help DR to receive necessary policy
and resource support to close the gap in policy initiatives
and change in market dynamics and technology status.

• The proper financial mechanisms need to be introduced to
allow DR participating consumers to recover their
investment cost in participating in DR. This could be
done by introducing incentives for participation and
subsidies in a technology upgrade.

CONCLUSION

In this paper, a comprehensive review of demand response has
been carried out to provide an in-depth view of the recent
research trends by identifying key research questions and
contributions. Additionally, the type of demand response
applications in industries have been categorized to understand
the current potential industrial sectors that can contribute to
demand response programs. A further study was carried out to
identify the barriers limiting demand response applications,
especially in industries. Combining the current research
direction in the demand response domain, potential industrial
application of demand response, and the barriers limiting the
potential, some measures have been suggested to help the
widespread adaptation of the demand response program.

The review shows significant research on emerging topics in
demand response such as smart appliance control, grid energy
management, load management, ancillary services, energy market,
and advanced metering. In addition, the study found large
industries such as aluminum, steel, cement, food and
refrigeration etc., to have the potential for DR application in
their processes and applications. However, there are significant
barriers that have been identified in the review process. Lack of
access to information between the DR stakeholders, lack of proper

financial mechanism, lack of adequate DR directed energy policy in
different countries, and technical constraints have been identified
as the critical barriers of DR deployment. The review suggested
using big data and data analytics to develop standard flexibility
assessment methods to tackle the information sharing barrier in
demand response. It also encourages to bring proper policy
initiative and the financial mechanism that can increase
participation in demand response programs by industries.

Understanding the recent advances in research is crucial to
comprehend technology development, suggesting a clear and
concrete pathway for overcoming the barriers. The findings of
this systematic approach to analyze the progress and evolution of
the demand response domain will guide industry and the
community by providing a clear and concise view of demand
response progress and its industrial application hence bridging
the information gap. From the findings, it is evident that much
intellectual progress has been made over the years in the research
community, addressing some key questions, which can
enormously benefit in overcoming technical and information
barriers of demand response considering the industrial
application. However, it is still essential to bring policy and
regulatory reforms that can encourage industrial consumers to
participate in demand response programs.
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