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Abstract

Demand Response (DR) is a well-known concept which has been recognized as an increasingly valuable tool to provide flexibility to
the power system, to support the integration of Variable Renewable Energy (VRE) resources and to manage the grid more efficiently.
In recent years, there have been a growing number of publications focusing on the estimation of different categories of Demand
Response (DR) potentials (e.g. theoretical, technical, economic, and achievable) using different methodologies and assumptions in
each research study. The contribution of the present study is twofold. Firstly, a literature review is undertaken focusing specifically on
the categorization of the scientific approaches used to estimate the different categories of DR potentials. To the best of authors'
knowledge, a general procedure for the estimation of each DR potential category is still missing. Therefore, a novel user-friendly and
step-by-step theoretical framework for the determination of the different categories of DR potentials is presented. Findings of this study
reveal that literature has extensively focused on the estimation of the technical DR potential followed by the economic, theoretical and
achievable potentials respectively. A lack of understanding of the different categories of DR potentials was also identified, which
sometimes have been unduly used in the literature. The proposed framework is supported on a small sample of numerical approaches
and equations which results on a structured approach to bringing consensus to the DR potential assessment.

Keywords: Demand Response (DR), Demand-side Management (DSM), Load Flexibility, Categories of DR Potentials, Renewable Energy.

Nomenclature

k - . . k . . —
Eyear_Com Annual Electricity Consumption (commercial) F’max_res Maximum Installed Capacity (residential)
E;ear_ind Annual Electricity Consumption (industrial) nELH Number of Full Load Hours
E;earires Annual Electricity Consumption (residential) Nh_year Number of Hours in a Year
Sgom Average Demand Share (commercial) N ouse Number of Households
Sl'fm Capacity Utilization Level FDX Percentage of Flexible Demand
Efom Commercial Sector Demand Afear Production Capacity
Erl:ourly Hour Electricity Demand fX Revision Outages
Erfourly(i) Hourly Theoretical DR Potential Rj‘nit Specific Capacity of Each Appliance
fez Market Penetration of Each Appliance Eskpec Specific Electricity Consumption

k . . - K Specific Electricity Consumption of Each
Prax_com Maximum Installed Capacity (commercial) Eonit Appliance
Pnfax_ind Maximum Installed Capacity (industrial) DEmﬁ,e Typical Load Profile

1. Introduction

The enhancement of the flexibility in grid operations due to the high penetration of Renewable Energy Sources (RES)
in power systems, with great unpredictability and variability characteristic, will be essential in the near future in order to
accommodate the intermittent power output, primarily from wind and solar generation systems [1]. There are several
possible sources of flexibility for the power system as pointed out by [2] such as wind and solar power generation ratio,
flexible generation, network grid expansion, the excess of capacity, curtailment and also the use of Demand-Side
Management (DSM) strategies. In order to meet the future electricity demand, public policy-makers should also ensure
that supply would be sufficient to satisfy both the energy and the capacity over a forecast planning period [3]. However,
only the supply-side resources are used in the Traditional Resource Strategic Planning (TRSP) [4]. On the other hand, for
the Integrated Resource Strategic Planning (IRSP) the DSM strategies and other resources are supposed to be considered



in the planning model [4]. The integration of large share of variable renewable energy into the energy system requires an
integrated energy planning approach since it may increasingly affect the voltage and frequency control of the power
systems and therefore the stability and reliability analyses may strongly contribute to addressing these concerns [5].

DSM strategies may be considered as “the practice of shaping the demand patterns and energy use [3]” in order to
address supply shortages, interconnection's maximum capacity, control the load growth [6], optimize resource allocation
[7] or even to mitigate environmental impacts [8] associated with energy production and intensive energy use. According
to [8], “the implementing of managerial measures to produce the resources on the demand-side by influencing the load
demand” can be defined as DSM which can be broadly divided into Energy Efficiency Measures (EEM) and Demand
Response (DR) strategies. EEM might be roughly considered as permanent load reductions whereas DR is focused on
load flexibility [9]. Consequently, DR strategies can be broadly classified as temporary load reductions (e.g. load shedding
or load shifting) [10]. DSM strategies have been developing over time to deal with the economic and environmental
challenges brought by the expansion of supply-side energy resources [11]. The main goals of DSM techniques are valley
filling, load shifting, peak clipping, strategic load growth and strategic conservation [12]. Load shifting and valley filling
strategies clearly can improve the grid load factor and avoid capacity costs, for example [4]. Ref. [11] argue that the
integration between these two dissimilar strategies, i.e., the Supply Side Management (SSM) and DSM is essential to
achieve a more accurate model for power system planning purposes. Investments in DSM strategies would avoid
investments in the supply-side and also in new transmission grids [4]. According to [3], for the most part of power systems,
it is more cost-effective to invest in DSM strategies than in the supply-side.

Furthermore, the increasing penetration of power generation from intermittent RES [13] (i.e. with limited
controllability and predictability [14]), especially from wind and solar power [15], led to the development of intermittency
mitigation techniques such as the specific use of DR strategies [16]. DR aims primarily to encourage end-users to reduce
electricity usage by certain incentive schemes, especially when electricity prices are high [17]. According to the U.S.
Department of Energy, DR can be defined as “changes in electric usage by end-use customers from their normal
consumption patterns in response to changes in the price of electricity over time, or to incentive payments designed to
induce lower electricity use at times of high wholesale market prices or when system reliability is jeopardized”. DR
programs can be divided into two main types (i) Incentive-based programs and (ii) Price-based programs [18]. There are
also controllable DR programs in which the consumer accepts load curtailment promoted by an external entity under
specific conditions [19]. DR programs are getting popular among utilities to match generation and demand in a more
effective way [20] and it has a huge potential to improve the reliability of power systems [21]. International Energy
Agency (IEA) highlights the fundamental contribution of DR measures for the integration of VRE and also projected that
by 2040 nearly 185 GW of flexible demand would be reached in a cost-effective way [22].

Traditionally, the balance between supply and demand has been achieved focusing on the supply side, mainly through
the building or upgrading of new power plants, transmission and distribution systems [3]. It is worth mentioning that,
from the power system’s perspective, a reduction in demand has the same effect as an increase in supply. In this context,
as reported by [23], the deployment of DR programs has been seen as an alternative to generation and transmission
expansion. Beyond the high capability of reducing the peak load on the power system [24], DR might be used to contribute
to power system regulation capacity in order to promote the wind power integration, for example [17]. Peak-demand
reductions might result in deferring or avoiding new generation capacities and/or new transmission and distribution
systems, in addition to other benefits such as possible reductions in production costs, the need of lower reserve margin
capacity, increase of the security of supply [25] as well as lower transmission system utilization [24]. This last aspect is
particularly important for power systems in which the transmission congestion problem is even more critical than the
generation capacity. For this case, the use of DR strategies would reduce the load requirements primarily during peak
times and therefore improving the transmission constraints [26]. DR might also provide some power system services more
reliable than conventional generation systems such as spinning reserve [27] and peak load shaving [28]. DR may also help
to integrate higher shares of intermittent renewables [29] by shifting and shaping electricity demand in a more cost-
effective way compared to traditional options [30]. Therefore, the implementation of DR strategies might reduce
customers’ utility bills such as verified in [31], and improve the resource-efficiency of electricity generation in addition
to the promotion of social and environmental benefits [24]. Thus, regardless of all the benefits related to the development
of smart grids [32], DR is expected to become a valuable energy solution [17], being able to mitigate the variability of
RES [33]. The fast DR deployment together with little additional infrastructure is likely to be the most relevant advantages
regarding the use of this source of flexibility [34].

Consequently, the sustainable and affordable energy transition requires action on the demand-side in addition to the
supply-side. However, although DR may offer a set of advantages [18], many barriers [35] still stand for its effective
deployment and implementation mostly because of its highly diverse and multifaceted nature. Therefore, it requires
research in a wholly holistic context in order to surpass these previously mentioned barriers. For this reason, it is certainly
required a diversity of approaches and methodologies to address the different faces of this complex problem which
englobes different sectors and applications. A systematic literature review of DSM strategies is addressed by [8] in which
the authors proposed a novel theoretical framework in order to unify the methodologies, terminologies and concepts
associated with DSM in the literature. Most of the previous reviews have been traditionally focused on specific sectors or
power systems and with a particular focus on the qualitative analysis of DR issues, exploring the benefits and challenges
of current DR schemes. The number of publications that investigate aspects of the potential of flexible loads has been also
steadily growing in the last years [36]. Particularly, there have been a growing number of studies focusing on the
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estimation of different categories of DR potentials (e.g. theoretical, technical, economic, and achievable) using different
assumptions in each research study. However, limited attention has been given to both (1) A review of the different
categories of DR potentials and (2) A general methodological procedure to assess each category of DR potential. Despite
the large amount of research on the topic and to the best of authors knowledge, a general procedure for the estimation of
the different categories of DR potentials is still missing.

Based on this context, the following research questions remain partially unanswered by the available literature. 1) How
to assess the potential of flexible demand (DR potential) across different sectors? and 2) How can each DR potential
category be distinguished? Therefore, a more comprehensive analysis is necessary for the topic and the answers to these
questions are fundamental to determine not only which are the most relevant factors and parameters to determining each
DR category potential but also to evaluate the extent to which these potentials contribute to the transition to a decarbonized
energy system. Therefore, this paper aims to be twofold in order to contribute to filling these research gaps. Firstly, a
literature review is undertaken focusing specifically on the different categories of DR potentials previously mentioned.
Secondly, a user-friendly step-by-step procedure is proposed in order to facilitate the future estimation of DR potentials.

The overall structure of this paper is divided into seven main sections and proceeds as follows. This first section
contextualizes the research by providing background information on the subject. Section 2 presents the methodological
approach of the research and Section 3 provides a theoretical background on DR programs. A review on the categories of
DR potentials is further proposed (Section 4). Then the new conceptual framework is presented in Section 5 which
represents an outcome of the literature review. Section 6 attempts to discuss the findings which emerged from the literature
review. Finally, Section 7 draws together the key findings including its main implications for future research.

2. Methodological Approach

This work will follow a qualitative data collection technique approach within the research design. The research nature
of this study may be termed as an exploratory study [37]. A qualitative study is conducted using the inductive approach
in order to generate theoretical concepts. The different categories of DR potentials are assessed based on an in-depth
systematic literature review analysis. The systematic literature review conducted in this research has as its main objective
to synthesize a body of evidence of the most recent relevant and significant research and to provide a full overview of the
current topic in a repeatable, comprehensive and systematic way [38]. Ref. [39] defines a systematic review as “a
formalized method for synthesizing a body of evidence in a reliable manner that aims to maximize transparency,
comprehensiveness and objectivity”.

A four-step process is considered in this research for conducting the systematic review process following the procedure
proposed in [37]. Firstly, the formulation of the research questions was established based on the research gap found by
the authors. Subsequent to this, a list of potentially relevant research studies using online databases were undertaken in
order to generate a list of the most comprehensive research in the field. The key-word searches used as the selection
criteria were performed to locate peer-reviewed journals and it was included the following search terms: (a) Theoretical,
(b) Technical, (c) Economic, (d) Achievable, (e) Practical, (f) Social (g) Market and (h) Realizable, combined with the
terms (i) Demand Response Potential, (j) Demand-side Flexibility, (k) Flexible Demand Potential, (I) Flexible Load
Potential, (m) Load Flexibility Potential, (n) Potential of Load Reduction and (0) Load Management. Then, a screening
process (by title and abstract) was conducted in the phase of selection and evaluation, excluding the research papers which
were not relevant regarding the previously defined research questions [40]. The analysis and synthesis of the results were
undertaken breaking down each study in the year of publication, potential DR category, sectoral coverage, spatial
resolution and special notes. Finally, a discussion section regarding the main findings was undertaken and a novel
comprehensive framework was proposed as a result of this review analysis. Therefore, the methodology was basically
divided into the research question(s) formulation, identification, screening process and analysis and synthesis of the results
for the included papers as illustrated in Fig. 1. The novel conceptual framework for the estimation of the DR potentials
is proposed in a user-friendly manner in order to provide sufficient methodological detail to allow replication.
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Fig. 1. Methodological approach considered for conducting the systematic review process.

3. Theoretical Background on Demand Response Programs

Literature review about DR has been extensively performed along with the last years addressing different aspects of
the field [41]. In [42] the authors selected 117 papers which addressed different DR issues and concluded that “all major
aspects of DR are relatively well covered by model developments (DR pricing schemes, the impact of DR on electricity
systems and markets and the participation of selected end-uses in DR schemes) . Aspects regarding the different market
mechanisms (i.e. incentive-based or price-based DR mechanisms) have been also addressed by a great number of works
such as in [43] and [44]. Time-sensitive pricing can be classified as non-dispatchable resources [45] and are traditionally
split up into Time-Of-Use (TOU), Critical Peak Pricing (CPP), Real Time Pricing (RTP) and Peak Time Rebate (PTR)
[46]. For dispatchable resources, the decision to dispatch can be broadly divided into reliability (capacity, reserve, energy
or regulation) and economic (demand bidding & buy-back) categories.

In [47], the authors categorized the flexibility requirements of VRE systems into technical, economic, and market
potentials with a focus on Europe and particularly addressing the case of the German power system. Studies comparing
specifically the technical with the economic DR potential can be found in [48] for example. The literature review presented
in [47] attempted to address the following topics: flexibility requirements, resource potential in future energy systems and
storage demand. The authors of [49] investigated the DR flexibility potential on office buildings and it has been reported
that the estimation of DR potentials may be further restricted by the variation of thermal comfort performance within the
buildings. A literature review regarding the different methodologies used to assess the potential for flexible use in
buildings energy systems is presented by [50]. Further, the assessment of buildings flexibility potential was addressed by
[51]. To better understand the mechanisms of different DR programs, Ref. [36] classified the different DR programs in
the U.S. electricity markets. Ref. [52] evaluated the economic load management potential with a particular focus on
specific buildings of the industrial and commercial sectors (e.g. offices and schools) for the state of Texas in the U.S. A
methodology to evaluate the load-shifting potential in Small- and medium-sized enterprises (SMEs) is assessed in [53]
based on a case-study of four companies in Germany. The authors of [54] focused on the DR potential (technical and
economic in this case) review analysis of the power-to-heat (PtH) technologies within the European energy system.

Fig. 2 presents a brief overview of different DSM programs [55]. DSM options might be valuable according to different
timescales as illustrated in Fig. 2. As stated previously, energy efficiency measures are not dispatchable resources and
energy efficiency can be considered a demand-side resource, which provides permanent demand reductions. Energy
efficiency is usually valued during the energy system planning process and its impacts are mostly related to the long-term
horizon [56]. Price-based programs use time-varying electricity rates (i.e. TOU, CPP and RTP). For this type (i.e. price-
based programs), when the electricity prices are high, customers are intended to reduce their electricity consumption. For
incentive-based programs, however, customers receive money from the utility to reduce their loads at requested times
(e.g. when electricity prices are high or due to reliability problems). Detailed information about Fig. 2 can be found in
[56].



176
177

178
179
180
181
182
183
184
185
186
187

188
189

190
191
192
193
194
195
196
197
198
199

Timescales

Years system
planning

Energy Efficiency

Capacity/Ancillary
Services Programs

Months
operational planning

Time-of-Use Rates

Demand Bidding/
Buyback

Day-ahead
economic scheduling

Day-ahead Hourly
Pricing

[

Emergency
Programs

Intra-day
economic dispatch

Real-Time Hourly
Pricing (RTP)/CPP

asuodsay puewad paseg-a9lid '

I |

Interruptible
Programs

Incentived-Based Demand Response

< .
Control 15 min

TITT¥

[ Direct Load

Fig. 2. Role of DSM in Electric System Planning and Operations.
Source: Adapted from [56].

Existing literature usually distinguishes the different categories of DR potentials as Theoretical, Technical, Economic
and Achievable. A simplified classification is considered by Ref. [57], which broadly divides the DR potentials into only
three categories: technical, economic and achievable. Ref. [58] also consider the same classification of Ref. [57]. In this
last case, however, the achievable potential is divided into the Maximum Achievable Potential (MAP) and the Realistic
Achievable Potential (RAP). The attitudinal (e.g. consumers’ resistance), societal and market barriers which limit the
customer participation are taken into account for the MAP definition. The RAP discounts MAP, considering additional
constraints related to impediments to DR implementation (e.g. regulatory, political and financial barriers) [58]. Table 1
presents a diverse number of classifications regarding the different categories of DR potentials.

Table 1: Possible DR Classifications Used Along with the Literature.

Reference  Year DR Categories
[58] 2009  Technical, Economic and Achievable (MAP and RAP)
[57] 2010 Technical, Economic and Achievable
[25] 2010  Technical, Economic and Realizable
[59] 2011 Theoretical, Technical, Economic and Achievable (or Market)
[60] 2015 Theoretical, Technical, Economic, Practical and Social
[61] 2015 Technical and Market (also referred to as Achievable)
[53] 2017  Theoretical, Technical, Economic, Acceptable and Realizable
[62] 2017  Technical, Economic and Achievable
[63] 2018  Theoretical, Technical, Economic and Realizable
[64] 2018 Theoretical, Technical, Economic and Practical

Significant differences can be identified when distinguishing the so-called “achievable” DR potential, which has been
treated in different ways within the literature. Some authors split this last concept (i.e. achievable DR potential) into two:
MAP and RAP [58], Acceptable and Realizable [53] or even Practical® and Social [44]. Other authors do not split the
“achievable” DR potential but refer to it with different nomenclatures such as practical [64], realizable [25], feasible [53]
or even Market [59] DR potential. Therefore, these terms have been used interchangeably across different research papers
within literature. In fact, for all cases, the “Achievable” [59] (or “Practical” [60], “Social”[60], “Realizable” [25],
“Feasible” [53] or even “Market” [59]) DR potential would represent a set of one or more barriers to the DR
implementation [25] such as summarized in the proposed framework illustrated in Fig. 5 (Section 5). This might suggest
the need to standardize this term definition in order to avoid the undue use of these words. Similarly, this would

L For the authors of [60], the practical DR potential corresponds to the intersection between the economic and social potential.
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simultaneously contribute to overcoming the above-mentioned barriers, by making easier future reviewing pathways, for
example.

Therefore, after a systematic literature review, the different classifications regarding the categories of DR potentials
were unified in a standard classification as illustrated in Fig. 3. The different categories of DR potentials versus capacity
(GW) together with a brief description of each potential are illustrated in Fig. 4. Along with this paper, for the sake of
clarity, the term that will be most used to describe this last DR potential is “Achievable”.

Theoretical Potential
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Achievable Potential
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Fig. 3. Overview of the main categories of DR potentials.

Theoretical ~ Potential:
The absolute maximum
potential suitable for DR. | Technical Potential: Derives from
the theoretical DR potential by taking
@ into account technical restrictions.
Economical Potential: Comprises the
@ overall consumers’ potential which is
supposed to be cost-effective.
2 @
D) 8 =) Achievable Fotential: This
Nl = = subset takes into account the
> % P o level of acceptance of load
= c ‘o ) = interventions by the consumers.
o — @ o e —
sl 8 3 5 £ ®
o = © -
< S0 8 g S
(@] [ =] o - —_—
> [<3) (a1 o ]
O = — o —
o
D [ — c
© < L L
K= = 3 3
[ c = o X
d= E o
[S] o<
5] 8 @ c
— S o ®
o Cg o
= s g
=2
QO N~
<
-
Types of Potential

Fig. 4. Categories of demand response potential versus capacity (GW).
Source: Adapted from [10,59,60,63].

The concept of the ‘Theoretical DR Potential” is well established in the literature referring to the overall DR potential
available in a power system. This term is supported by Ref. [10] arguing that “the theoretical potential comprises all
Jacilities and devices of the consumers suitable for DR”. A similar definition has been further proposed by Ref. [63], who
have argued that the “theoretical potential generally defines the absolute maximum potential and consists of the entire
unrestricted electricity demand”. However, more recently, literature has emerged (see for example [10], [63] and [65])
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that offers contradictory definitions for the ‘“Technical DR Potential’ concept. Ref. [10], for example, highlights that “the
technical potential includes only those [equipment] that can be controlled by the existing information and communication
infrastructure”. In contrast to [10], Ref. [65] defines that “the technical potential is the amount of the load that is
temporally available for load shifts when taking into account technical peculiarities and legal regulations”. In agreement
with [65], Ref. [63] argues that “the technical potential is generally smaller than the theoretical potential, as it takes
technical restrictions, such as the number and duration of interventions into account”.

Therefore, while a variety of definitions for the ‘Technical DR Potential’ have been suggested, this paper will use a
similar term definition as suggested by Ref. [63] which is also considered in the evaluation of the technical DR potential?
of [48] and [66]. A general list of definitions derived from the literature review is presented in

Table 2 aiming to propose standard definitions for each category of DR potential.

Table 2: Definitions of each DR potential.

DR —
Potential Definition Ref.
Theoretical g:; theoretical DR potential comprises the overall (i.e. all facilities and devices) consumers’ potential suitable for [10,63]
Technical The technical DR potential derives from the theoretical DR potential by taking into account technical restrictions (e.g., [63]

the shifting time, duration and number of interventions).

The economic DR potential derives from the technical potential when the costs for implementing DR (e.g. investments
Economic | and operational) are taken into account. Therefore, it comprises the overall consumers’ potential which is supposed to | [25,59,63]
be cost-effectiveness.

The achievable DR potential takes into account the level of acceptance of load interventions by the consumers.

(1) Maximum Achievable Potential (MAP): The MAP is restricted by the attitudinal (e.g. consumers’
resistance), societal and market barriers which limit customer participation in DR programs. For this case,
Achievable it is presumed that no impediments for the effective implementation of DR measures would occur. [58]

(2) Realizable Achievable Potential (RAP): The RAP is derived from the MAP by considering other
impediments to DR program implementation (e.g. regulatory, political and financial barriers) which in turn
would limit the savings from DR programs.

4. A Review on the Categories of DR Potentials

A set of recommendations to incorporate DR into resource planning models is proposed by [24]. Due to a set of barriers
such as legal, policy, economic and societal, the DR implementation is restricted only to selected markets and the
traditional DR programmes mostly focus on large industrial loads [10]. Therefore, literature has mostly focused on the
assessment of DR potential in large-scale and energy-intensive industries [64]. However, a great number of works [67—
69] have been recently addressed the assessment of residential and commercial DR potentials as promising sectors that
would contribute to the power system flexibility [10]. Country-specific analysis of DR potential has been extensively
addressed in literature such as in [63] and [70] for the specific case of Germany and in [71] for Denmark .

DR assessments have been traditionally considered using qualitative approach analysis [70]. The evaluation of DR
potential as a quantifiable resource, however, has been assessed only by a few works in the available literature such as in
[70] and the precise quantification of the load flexibility potential is considered a complex task [47]. In [70], for instance,
the authors highlight that the major benefit of employing DR is the reduction of the peak power system capacity, which
represented about 10 GW for the power system evaluated (12% of peak load). For the power system analyzed in [70] the
contribution of DR on the integration of variable renewable electricity power generation is found to be not significant.

A great number of studies have estimated the potential of DR resources across different sectors (i.e. industrial,
commercial and residential) at varying scales (e.g. local, regional, national and even across continental regions) [61]. An
up-to-date review analysis is undertaken by [20] which concluded that “existing DR programs around the world
demonstrated a highly asymmetrical development between different regions”. Ref. [41] highlights the need for the
development of novel DR modeling approaches which would be able to incorporate as many applications as possible and
that consider the interactions of DR with other system resources. Ref. [72] specifically review the DR in the residential
sector including the latest ICT developments. The authors of [28] conducted an extensive literature review regarding DR
programs and also proposed a communication and computation-based DR program for the residential sector. The long-
term impact of DR measures in the industrial, residential and tertiary sectors is assessed in [73] for the Portuguese
electricity system using the OSEMOSYS software tool. The authors of [73] concluded that the implementation of DR
measures would decrease both the overall system capacity (reaching up to 2.2% comparatively to the BAU scenario) and
the total system costs (decreasing up to 2.23%) and would increase the share of renewable energy in the Portuguese power
system. However, Ref. [73] highlight the need to further assess the costs to implement such DR measures since it was not
considered in their assessment. The study of [74] investigated the role of sector coupling in the Brazilian power sector. A
deterministic linear optimization model was considered in this last paper [74] and a simplified model for the DR
representation was used, considering only part of the commercial and industrial sectors as potential flexible loads. The
duration of load interventions is not considered in the modeling approach proposed by [74]. The authors [74] concluded

2 The authors of these papers do not mention directly the definition of ‘Technical Potential” as proposed by [63]. However, we have inferred it because
of the assumptions made by those papers to establish their DR potential.



that for the specific case of Brazil, the DR contribution is limited to load balancing (reaching up only to 0.04% of the total
annual electricity demand) and this can be mostly explained because of its high renewable potential. On the other hand,
peak load reductions of about 3.3 GW are projected due to the DR implementation for the power system evaluated in [74].

A number of recent studies such as [27] and [41] addressed the key barriers and the challenges to the deployment of
DR. Ref. [41] concluded that DR contributes only to a limited extent in the current electricity market and for this reason,
most of its potential benefits cannot be fully exploited. Ref. [75] considered in their modeling approach that consumers
will have a more active behavior in the future and they will give more importance to quality and sustainability aspects. In
fact, technology advancements on the demand-side have contributed to an increasingly active behavior of consumers [76].
The growing market share of smart appliances brought about by the evolution of smart grids may strongly facilitate the
insertion of demand-side resources such as air conditioning, washing machines and refrigerators without compromising
user comfort. Ref. [75] presented proposals for public, regulatory, and business strategy policies to be implemented by
the Brazilian government in the 2030s. In [17] the authors proposed a coordinated optimization model for the generation
and transmission expansion problem considering the inclusion of DR into the optimization problem. The authors of [77]
presented a method to assess the so-called realizable DR potential for ancillary services purposes.

Based on this background, Table 3 gives a general overview regarding the systematic literature review undertaken by
this research paper concerning the different DR potentials addressed along with previous research. The papers were
selected considering those works which (1) explicitly refer to the category of DR potential assessed or (2) the category of
DR potential assessed could be indirectly retrieved. Further, a set of assumptions are reconsidered in order to shape the

addressed DR potentials with the standard definitions proposed by the authors of this review paper.

Table 3: Overview of each potential DR category.

Reference | Year Potential DR Category Sectoral Coverage Spatial Resolution
[78] 2009 Technical/Economic Commercial Local Consumer
[58] 2009 Achievable (MAP and RAP) Industrial, Commercial and Residential National (U.S.)
[79] 2010 Achievable (RAP) Industrial, Commercial and Residential Regional (Midwest 1SO region)
[25] 2010 Technical/Economic Industrial, Commercial and Residential National (Germany)
[48] 2011 Technical/Economic Industrial National (Germany)
[59] 2011 | Theoretical, Economic and Achievable Refrigeration systems ? National (Germany)
[80] 2012 Technical and Economic Industrial, Commercial and Residential Regional (Eastern Interconnection — U.S.)
[81] 2013 Theoretical Commercial Commercial Building
[10] 2014 Theoretical — Technical Industrial, Commercial and Residential Continental (Europe and North Africa) ¢
[71] 2014 Technical Industrial, Commercial and Residential National (Denmark)
[82] 2014 Technical Residential National (Denmark)
[83] 2014 Technical Residential Local (Kainuu) ¢
[84] 2015 Theoretical ® Industrial, Commercial and Residential Continental (Europe - 34 countries)
[85] 2015 Theoretical Residential ¢ National (Belgium)
[86] 2015 Technical and Economic” Residential and Commercial National (Germany)
[61] 2015 Market — Achievable' Industrial, Commercial and Residential Regional (Shangai - China)
[70] 2016 Economic /Social— Achievable ! Industrial, Commercial and Residential National (Germany)
[66] 2016 Technical/Economic Industrial, Commercial and Residential Continental (West-European)
[87] 2016 Theoretical Industrial and Residential ¥ Continental (Europe)
[67] 2017 Social — Achievable' Residential and Commercial National (Germany)
[53] 2017 Technical Commercial Company (Germany)
[88] 2018 Theoretical Industrial, Commercial and Residential Northern European Countries
[89] 2018 Achievable Residential National (Germany)
[68] 2018 Technical Residential and Service National (Finland)
[63] 2018 Technical Industrial, Commercial and Residential National (Germany)
[90] 2018 Technical Plug-in electric vehicles National (Germany)
[52] 2018 Economic Industry and Commercial Local (Texas)
[69] 2018 Technical and Economic Industrial, Commercial and Residential™ National (Nigeria)
[73] 2018 Theoretical/Technical " Industrial, Commercial and Residential National (Portugal)
[62] 2018 Technical, Economic and Achievable Industrial, Commercial and Residential Regional (Michigan)

2The focus was on energy-intensive industries.

® The load management potential is evaluated with a particular focus on refrigeration systems considering the potential for each sector that uses this
cross-sectional technology. The base data for the city of Mannheim is used and further extrapolated to the national power system of Germany.

¢ The analyses were undertaken for 30 countries (Europe and North Africa). However, for North African countries only energy-intensive industries were
considered due to the scarcity of data. Although the authors mention that the theoretical DR potential is assessed, a set of technical restrictions are also
considered by the authors. Therefore, following the definitions proposed along with this work, the DR potential assessed in [10] should be interpreted
as the ‘Technical Potential’.

9 The focus of this work was in the residential sector with metered data collected from 1630 households from Kainuu (Finland).
¢ For inference (because the authors do not mention which DR potential is analyzed).
f The authors also mention that this potential may be underestimated since the results were extrapolated based on a pilot program.
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9Here, the flexible potential of five household smart appliances was evaluated based on a set of measurements.

" The authors mention that “the results determined a practical shifting potential”. However, following the definitions used along with this work and
the results presented in the paper [86], this definition should be interpreted as the ‘Economic Potential’.

i Following the definitions used along with this work, the “Market” DR potential cited in the paper would correspond to the “Achievable” DR potential.

I The author mention that “a model-based assessment of the economic DR potential in Germany is presented”. Further, the author refers to the estimation
of an “approximated social potential”.

KThe following sectors were considered by the authors: industrial, cooling, households, heat pumps and e-mobility.

"Following the definitions used along with this work and the results presented in the paper [67] this definition should be interpreted as the achievable
potential.

™ The DSM potential is assessed considering different levels of industrialization.

" The authors mention that “the theoretical potential of DR is computed”. However, they also consider a set of technical restrictions in the model
formulation. Therefore, following the definitions used along with this work, the definition that would be considered here is precisely the ‘Technical
Potential’.

The following subsections will particularly focus on a review analysis regarding the different DR potentials illustrated
in Fig. 3.

4.1 Theoretical DR Potential

Ref. [59] addressed the potential for load management in Germany with a particular focus on the refrigeration systems
across different sectors (i.e. industrial, commercial and residential). The authors of [59] addressed the theoretical (4.2
GW), economic (3.2 GW) and achievable (2.8 GW) DR potential. The achievable potential corresponds to 66% of the
theoretical potential for the power system evaluated in [59].

Ref. [88] estimated the theoretical DR potential across different sectors for seven Northern European countries
(Denmark, Norway, Sweden, Finland, Lithuania, Estonia and Latvia) as 12-23 GW considering a peak load of about 77
GWw.

The total theoretical DR potential for Europe (34 countries) was assessed by [84], estimating a total of 800 TWh for
suitable DR processes across industrial, commercial and residential sectors. This represents a value slightly higher than
52 GW (9.4% of peak load) split into residential (42%), industrial (31%) and commercial (27%) sectors. The authors of
[84] concluded that the share of flexible loads for the industrial sector is higher for countries with higher shares of
industrial electricity consumption such as Sweden and Norway, for example [84].

4.2 Technical DR Potential

The technical DR potential is addressed in [86] for the German power system (specifically for the residential and
commercial sectors) which reach up to 8 GW by 2030. Ref. [86] also conducted an economic analysis for the residential
sector and concluded that the income generated by load management is not enough to cover the investment in Information
and Communications Technology (ICT) and therefore the DR was proved not to be cost effective.

The technical DR potential of flexible demand for the Danish power system is assessed in [71] across industrial,
commercial and residential sectors using two approaches. Firstly, a bottom-up approach is considered to assess the flexible
load potential for each sector (i.e. industrial, commercial and residential) for a 100% RES in 2050. Then, the EnergyPLAN
software is applied to perform the simulations in order to identify the most adequate levels of the flexible loads for the
power system assessed. It is worth mentioning that the software EnergyPLAN has been extensively used to the simulation
of future energy scenarios focusing on the large-scale integration of RES into the power system [91] and recently it has
been also used to the inclusion of DR into the long-term simulations as addressed by [71].

4.3 Economic DR Potential

The economic DR Potential (also referred to as Techno-Economic DR Potential [59]) derives from the technical DR
potential. In this case, however, the costs to activate this technical potential should be taken into account. According to
[59], “the economic potential describes the cost-effective application of load management”. The overall costs comprise
both the investments and operational costs [25]. Traditionally, the DR potential that is considered cost-effective would
technically suggest that the overall costs of implementing such DR measures are lower than the cost of energy supply.
The incremental cost of electricity from peaking generators and the use of both cost and risk combination of portfolios
with and without DR (i.e. portfolio analysis of DR) are other examples of how literature has been evaluated the cost-
effectiveness of DR strategies [62].

The potential of technical and economic DR potential for wind integration is assessed by [25]. The authors of [66]
identified the least-cost options for West-European countries for the year 2050 through the assessment of five options
which included flexibility potential of DR strategies. This last paper assessed the economic DR potential and considered
the costs for load shifting ranging from 2 to 100 €/kW and the costs for load shedding varying between 200 and 5000
€/MWh, depending on the process assessed. For the power system evaluated in [66], the total system costs can be reduced
up to 3% by the implementation of the DR measures. Ref. [41] point out that currently one of the most fundamental
questions regards about how DR should be priced in terms of investment and operational costs. These cost aspects remain
still unclear and should receive attention in future works.



352
353

388

4.4 Achievable DR Potential

This subset takes into account the level of acceptance of load interventions by the consumers. Few published studies
have attempted to evaluate the achievable DR potential. Most of the studies which attempted to assess the achievable DR
potential have been limited to convenience samples and in general, it has been restricted to the analysis of small regions
such as in [61] and [62]. In [59], for example, the achievable potential was estimated specifically for the refrigeration
sector in Germany. However, few published studies have attempted to systematically evaluate the achievable DR potential
of large interconnected electric power systems.

In [67] the shifting load potential is assessed for the German power system constrained by the consumers’ acceptance
and also limiting the disconnection rates (which in practice means that the applications must be reconnected after a
predefined time). Therefore, the authors of [67] considered the social acceptance of DR (specifically for the residential
and commercial sectors). Ref. [41] highlights that “human nature is a further issue which compounds the problem of
market design for demand response. While large generators typically exhibit economically rational behaviour through
their profit maximising objective, smaller customers do not show the same rationality in their consumption decisions” .

The authors of [92] highlight that the effective implementation of DSM strategies (e.g. DR measures) strongly depends
on social acceptance. Ref. [70] considered the calculation of an “approximated social potential”. Due to the set of
complex features associated to the estimation of the achievable DR potential, it is probable that the author of [70] used
the term ‘approximated’ in his definition because of the highly diverse, multifaceted and complex nature of the achievable
DR assessment.

5. A New Conceptual Framework to estimate DR potentials

There are two main methods for assessing the flexible load potential namely aggregated and decomposition methods
[71]. For the aggregated approach, market mechanisms are used to assess changes in demand in accordance with market
conditions (e.g. electricity price change) [71]. For the methodology proposed in this paper, the potential of flexible loads
is assessed by broadly splitting up the potential candidates into a flexible and an inflexible component for each category
(i.e. using the decomposition method) such as proposed by [63] . Then, for each sector, the decomposition of electricity
consumption into several process/appliances is realized and individually assessed such as suggested and applied by several
works in the literature [71]. Load flexibility may be also assessed in terms of the amount of electricity (GWh), power
(GW), time, type (e.g. load shedding and load shifting) as well as cost [92]. Depending on the variables used in the
analysis, different DR potentials may be assessed (see Fig. 5).

Ref. [10] points out that because of the different categories of DR potentials and considering the diverse set of
constraints evolved, the DR potentials need to be treated separately. Therefore, after conducting a systematic literature
review, the need for a framework which would systematically support the estimation of each DR potential was identified
as the research gap. In addition, different methodological approaches have been considered and literature mostly focuses
on the estimation of country-specific potentials and in a very limited extent research in the topic has considered the step-
by-step procedure to assess each category of DR potential. Consequently, based on the prior knowledge obtained by the
conducted systematic review analysis an improved conceptual framework is proposed. The general overview of the
methodological approach for assessing the different categories of DR potential is illustrated in Fig. 5.
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Fig. 5. Key steps of the proposed framework for the estimation of each DR potential category.

The following subsections will present the proposed twelve-step methodology to identify the different categories of
DR potentials illustrated in Fig. 5. The methodology is divided into the four main categories for DR potentials (i.e.

Theoretical, Technical, Economic and Achievable). The theoretical DR potential is addressed in the subsection 5.1
following the first six steps (step 1 to step 6). The technical DR potential derives from the theoretical DR potential by

applying step 7 and step 8 as described in subsection 5.2. Departing from the technical DR potential, the economic DR
potential is discussed in subsection 5.3. This estimation requires an assessment of the costs of implementing DR as
presented in step 9 and step 10. Finally, subsection 5.4 addresses the achievable DR potential through the last two steps
(step 11 and step 12) for which the consumers level of acceptance is considered.

5.1 Theoretical DR Potential: Step 1 to Step 6
This section aims to present the step-by-step procedure for the estimation of the theoretical DR potential.

Step 1: Identification for each process/appliance suitable for DR for each sector
The starting point of the analysis comprises the identification of the potential flexible loads (processes and/or
appliances) suitable for load shedding and/or load shifting for each sector® desired (Step 1). This identification has been

traditionally undertaken through a qualitative assessment of technologies [53]. It is worth mentioning that this

identification would require different criteria evaluation for each sector (i.e. residential, commercial and industrial). The

shed-ability and/or shift-ability characteristics of each process/appliance would be taken into account which is also

interconnected with the following technologies characteristics: availability, storability and controllability [49].

Table 4 presents the main processes/appliances with some degree of DR potential, but are not limited to only these
applications and would vary between countries and sectors. To give a well-known example for the sake of clarity, for the
residential and commercial sector, the controllability versus non-controllability and storability versus non-storability of

the service might be taken into account for the selection of the suitable processes/appliances for DR. Therefore, the

3 It is worth mentioning that according to [10], traditionally “for processes with very high utilization rates - as they are found in energy-intensive

industries - only load shedding without previous or subsequent balancing can be implemented. In residential and commercial sector, typically both load

shifting and shedding can be realized”.
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suggested criteria used along with this work to select the suitable processes/ appliances for DR is whether it is storable
and automatically controlled. This can be seen in the case of the refrigerator (for the residential sector) which has a
storability characteristic and therefore could be considered suitable to contribute to DR. Similarly, the washing equipment
(e.g. washing machine, dishwasher and tumble dryers) would be suitable because of its controllability characteristic. The
independence between processes might be added to the selection of suitable DR processes for the industrial sector although
this is not considered a trivial task [71]. For this reason, most of the previous studies do not take into account this last
aspect in the selection process.

Table 4: Representation of the main processes with some degree of DR potential [60,84].

Residential Industrial Commercial
Air-conditioning Paper machines Air-conditioning
Washing machines Non-metallic minerals Ventilation
Tumble Dryers Non-ferrous metals Refrigeration
Dishwashers Chemical and petrochemical ~ Storage water heater
Water heaters Iron & steel Storage heater
Refrigerators and freezers Wood products Wastewater treatment
Heating systems and electric boilers  Air Separation Pumps in the water supply

Cement Mills Cold storages

Wastepaper processing

Step 2: Quantification of Flexible Loads: Calculation of the Annual Electricity Demand and the Maximum
Installed Capacity

The estimation of the annual electricity demand and the maximum installed capacity for each process/appliance k over
each sector i should be calculated in this step. However, this calculation strongly varies among sectors. This aspect can
be mostly explained by both the technical differences across each process/appliance and also considering the scarcity and
sparsity of available data. For this reason, for the industrial and commercial sectors, a top-down approach is traditionally
considered in the literature whereas a bottom-up approach is usually considered for the estimation of the annual electricity
demand for the residential sector. Therefore, these assumptions are taken into account in this step. A summary of the
equations used to the quantification of the flexible load potential for each sector is mostly driven based on the assumptions*
of [60] and is provided in Table 5.

The quantification of the DR potential for energy-intensive industries is based on the specific electricity consumption
and production capacities. As for the commercial sector, due to data scarcity, the combination between each individual
process and its share is frequently used to categorize the overall electricity consumption. Therefore, the calculation of the
annual electricity consumption is based on the average annual consumption.

For the residential sector, the specific electricity consumption might be calculated considering the technical
characteristics of each appliance and therefore it would vary across different appliances and regions. Detailed calculation
of the specific electricity consumption of each appliance can be found on [60]. To give a well-known example for the sake
of clarity, the duration and frequency of use for washing equipment could also be taken into consideration for estimating
its annual electricity consumption. Average values can also be used based on equipment data sheets. It is worth mentioning
that the overall potential of the flexible demands mainly for the residential sector is highly dependent on the appliances
characteristics (i.e. type, power, efficiency and rate of each equipment) and also on the pattern of consumption of these
appliances which are affected mostly by the per capita income and the willingness to use more efficient technologies [93].

Table 5: Summary of the equations used to the quantification of the flexible load potential for each sector.

Sector Equation Definition
E;ear_ind = N;ear 'Eskpec 'lejtiI 1) Annual electricity consumption (GWh)
Industrial EX .
nl-fax_ind =N yzar";dk - (2 Maximum Installed capacity (GW)
h_ year ( - rev) * Sil
E;ear,com = Eqom “Stom (3 Annual electricity consumption (GWh)
Commercial . Ekear om
Prax_com = === 4 Maximum Installed capacity (GW)
NeLy
Residential E;(ear,res = Nhouse * fe: : Euknn () Annual electricity consumption (GWh)
esidenti
PrT‘:aX_res = NMhouse - felc(q : Pu‘:m (6) Maximum Installed capacity (GW)

4 The author of [60] also includes equations for estimating the overall potential of load reduction and load increase for each hour. We highlight that
these equations could also be included in the framework proposed in this paper. In this case, the calculation of the potential of load reduction and
increase should be performed after Step 2 using the set of equations presented in [60].
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Step 3: Daily Load Profile for each process

In order to calculate the Hourly Electricity Demand in the next step (i.e. Step 4), and therefore, to account for the
temporal availability of DR potential, the typical load profiles for each process/appliance should be estimated by using
metered data or considering the typical profile patterns according to the available literature [60]. The selection of the
representative load curves on a daily, weekly and/or seasonal base is of particular importance and it would be considered
if there is available data [60]. Traditionally, energy-intensive industries run at full capacity over the entire year, due to
both the huge heterogeneity of processes and because of its high utilization rates. Therefore, a constant load profile over
the entire year is usually considered in the literature such as in [10] and [63].

The load profile is dependent on a set of diverse variables and therefore it can be considered dynamic, non-linear and
time-varying [41]. For this reason, the future® projections are considered by literature highly uncertain. Detailed end-use
load profiles for each customer segment considering both a reasonable sample and length of time would also potentialize
the future estimations of DR potentials. Traditionally, the load profiles for all DR processes/appliances remain unchanged
for the estimation of the flexibility potential in future years such as considered in such as in [10] and [63].

Step 4: Hourly Electricity Demand

At this step, the hour electricity demand should be calculated. Combining the annual electricity demand (Step 2) with
the load usage pattern (Step 3) and also taking into account the full load hours, the hourly electricity demand (Step 4) can
be calculated for each process k according to Eq. (7) [63].

k k

Eleor - Drrori
Ek _ year profile (GW) (7)

hourly — k
FLH

Step 5: Percentage of Flexible Demand for Each Process/Appliance

For each process/appliance k, the percentage of flexible demand needs to be estimated to further calculate the Hourly
Theoretical DR Potential for each process/appliance k. The share of flexible demand for each process/appliance would
strongly differ between each other.

Step 6: Overall Hourly Theoretical DR Potential for Each Sector

For each sector i and year y, the sum for all processes k which contribute to the DR potential gives the overall hourly
theoretical DR potential which can be calculated by using Eq. (8). Therefore, the sum of all suitable DR
processes/appliances comprises the total DR potential of a power system [63].

N

Ellw(ourly(i) = Z<Elfourly : FDk) v k! y (GWh) (8)

k=1

5.2 Technical DR Potential: Step 7 to Step 8
The following steps (Step 7 and 8) allows the estimation of the technical DR potential.

Step 7: Technical Restrictions

This step comprises the inclusion of a set of technical restrictions in order to estimate the Technical DR Potential. The
shifting time, duration and number of DR interventions can be considered the most important technical restrictions to be
taken into account in addition to the level of availability of each process/appliance.

Step 8: Optimization Modelling Approach

The use of an optimization modeling approach is usually® considered to support the assessment of the technical DR
potential of the overall electricity system. Within the optimization model, the technical restrictions (Step 7) would
constrain the planning model. Different optimization modeling approaches (e.g. linear programming or stochastic
programming) can be used, but the detailed description of each optimization approach is out of the scope of this research

paper.

5 The extrapolation of the flexibility potential for each process/appliance is necessary when the potential of flexible loads is quantified for future
years (y). This stage would require a broad literature review and in general it is based on available statistics of recent technology developments. To give
a well-known example for the sake of clarity, for the residential sector, the increasing intensity of use of appliances should be used in the extrapolation
of data [60]. Different shares of flexible demand would also be taken into account when extrapolation for future years is considered since it could change
over years. This happens because of two main reasons: the electricity consumption would increase and the future DR potential would also change
according to the deployment of the technologies [63].

5 The use of simulation models is still possible such as considered by [71].
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5.3 Economic DR Potential: Step 9 to Step 10
The economic DR potential can be further assessed by the use of Steps 9 and Step 10.

Step 9: Economic Restrictions

The economic restrictions need to be taken into account in order to assess the economic DR potential. Here, two
different costs are traditionally associated with the DR. The investment costs (i.e. associated with the ICT necessary to
automatized adjustment control, smart metering systems and program design) and the operational costs (i.e. variable and
annual fixed costs) [48]. The operational costs might also include marketing and other administrative maintenance costs
[94].

Step 10: Optimization Modelling Approach
See Step 8. For this case, the economic restrictions (Step 9) would be also used to constrain the optimization model,
which would support the final assessment of the economic DR potential of the electricity system.

5.4 Achievable DR Potential: Step 11 to Step 12
Finally, the following steps (Step 11 and Step 12) support the estimation of the achievable DR potential.

Step 11: Determination of the Consumers’ Level of Acceptance

The estimation of the achievable DR potential comprises a difficult task since it depends on the evaluation of a set of
qualitative variables (e.g. informational, legal, technical, organization and financial barriers in addition to the lack of
consumers’ experience [59]) such as illustrated in Fig. 5. The authors of [47] agree with this and also point out that “the
determination of the market potential for a certain technology imposes challenges in setting a valid scientific
methodology”. The main barriers include the lack of consumers’ acceptance, lack of enforcement, market structure and
information gaps [25]. The end-user behavior plays a major role in the effective implementation of DR measures [28].
Ref. [67] point out that the maximum shift duration, for example, for each process/appliance mostly depends on the
customers’ acceptance. Results from earlier studies such as [95] and [96] demonstrate that consumers’ responses to prices
might be asymmetric, increasing considerably their consumption on off-peak periods but with limited reductions on the
electricity consumption during on-peak times. Ref. [85] assessed the flexibility potential of five household appliances
based on real measured data for a large pilot test in Belgium and reported that the flexibility potential of household smart
appliances is highly asymmetric. Therefore, the willingness to accept load interventions (i.e. load shedding and/or load
shifting) by end-users may be evaluated using both qualitative and quantitative analysis [49]. The effective DR
implementation (i.e. achievable DR potential), is thus lower than the economic DR potential since it depends on the level
of consumers’ acceptance.

Step 12: Optimization Modelling Approach

See Step 8. For this case, the restrictions from Step 11 would be also considered to constrain the optimization model,
in order to properly account for the flexibility potential of the consumers and reach a final assessment of the achievable
DR potential of the electricity system.

6. Discussion of the Findings

This section will attempt to discuss the main findings which emerged from the literature review. This study found that
different methodologies have been used to the evaluation of the different categories of DR potentials. Ref. [97] reviewed
the DR experience in Europe and highlighted that “studies on the economic and technical potential of DR vary significantly
in methods, sample sizes and results . In [63] an overview with a focus on DR potentials is addressed. The authors of
[64] point out that in the review analysis of DR potentials undertaken by [63] “the authors remark significant variations
in the considered studies, which may be explained by a different scoping and assessment method of the analyzed demand
response potential”. Therefore, previous studies vary strongly in their findings concerning DR potentials.

According to [72] the “lack of experience with demand response has necessitated the employment of numerous
assumptions in the modeling approaches adopted. As a consequence, it can be argued that the estimations of the benefit
of demand response are dependent on these assumptions and an accurate evaluation has yet to be achieved”. For this
reason, the DR potential estimation varies between studies even considering the same power system such as better
demonstrated by [63]. In this context, Ref. [41] also points out that because of both the lack of experience and
understanding of the complex nature of DR, superficial results have been obtained by great part of works published in the
literature due to its simplistic models and consequently several analyses might be oversimplified with unrealistic results
and which do not represent correctly the reality. Ref. [98] points out that these differences occur mostly because of the
different methods used for the estimation of DR potentials. To give a well-known example for the sake of clarity, some
authors estimate the average potential whereas others use an hourly estimation of DR potential.

Ref. [63] analyzed six different projections which estimated the DR potential for Germany and pointed out that the
most of previously published works consider “only the maximum potential and do not consider temporal availability in
detail”. However, the DR potential is strongly dependent on temporal availability (e.g. hour of the day), indoor
temperature and season, for instance [63]. The technical DR potential for Germany was recently addressed by the authors



of [63]. The maximum technical DR potential considering both load shedding and load shifting estimated by [63] was
nearly 25 GW (using data for the year 2013). However, the authors of [63] point out that this potential will never be
available because the electricity consumption varies for each hour (i.e. daily, weekly and season for instance). Therefore,
the temporal availability [99] and the spatial distribution [10] of the flexible loads are of particular importance. The
temporal availability has been traditionally taken into account through the identification of typical daily load profiles. Due
to the lack of measurements, typical demand load patterns are traditionally considered based on data from the available
literature. Flexible loads for commercial and industrial sectors have been traditionally estimated based on their annual
electricity consumption. Ref. [63] also addressed the question if the technical DR potential is available when needed (i.e.
mostly during on-peak times) and concluded that the maximum DR potential for the power system evaluated occurs during
off-peak times (i.e. only a small share of the DR potential is available when the power system mostly needs). The
maximum hourly potential provides a flexible demand slightly lower than 14 GW (which is considerably lower than the
maximum available capacity of about 25 GW) for the power system evaluated in [63].

Based on the literature review it became obvious that the classification of the different categories of demand response
potentials are far from being consensual and the methods for their estimation are not yet fully established. The framework
presented in Fig. 5 allowed to provide guidelines for bringing consensus to the DR potential classification and solving the
estimation problem, supported on a solid scientific background derived from the literature review. Given the complex
nature of the estimation problem and the heterogeneity of the sector and power systems, just a small sample of numerical
approaches and equations are proposed but the user-friendly and step-by-step nature of the theoretical framework is
deemed to be of high benefit for the power systems community and decision makers.

7. Conclusion & Outlook

This paper addressed two central issues and the findings make several contributions to the current literature. The
strengths of this study include the in-depth systematic review analysis regarding the different categories of DR potentials,
which allowed not only to reach some consensus on the definition of DR categories but also on the main steps to be
followed for its estimation.

Firstly, it was demonstrated - through an in-depth systematic review analysis - that there is a lack of understanding of
the different categories of DR potentials, which sometimes have been unduly used by the available literature. The DR
potentials were standardized into four main categories: Theoretical, Technical, Economic and Achievable. Findings of
this study also reveal that there is a general agreement in the literature regarding the definition of the theoretical and
economic DR potentials. However, significant differences can be identified when distinguishing the so-called technical
and achievable DR potentials, which has been defined in different ways within the literature. Therefore, the unification of
these different classifications was proposed in order to avoid misleading research on this topic. This would simultaneously
contribute to overcoming the above-mentioned barriers, by making easier future reviewing pathways, for example. The
research presented here also confirmed that different terms have been used to refer to “DR potentials”, which includes
mostly: (1) Demand Response Potential, (2) Demand-side Flexibility, (3) Flexible Demand Potential, (4) Flexible Load
Potential and (5) Load Flexibility Potential, which oftentimes has been used interchangeably in the literature.

Secondly, a well-founded and user-friendly framework - which would strongly help the quantification of the DR
flexibility across different sectors and applications - is proposed. In contrast to other review papers which addressed
different DR issues, the scientific contribution of this research relies mostly on the novel theoretical framework based on
an integrated approach for the determination of the different categories of DR potentials.

The DR potential estimation may somewhat vary between studies for the same power system and this can be mostly
explained by the fact that some works consider the theoretical potential, which represents an upper bound for the other
potentials (i.e. technical, economic and achievable). Overall, the studies reviewed here clearly indicate the importance of
the temporal availability of DR applications which has been neglected by part of the published works. The findings also
raised important theoretical issues that have a bearing on the quantification of the DR potential in the long-term. The
estimation of the future DR potentials is particularly valuable in order to contribute to a sustainable future. The evidence
reviewed here seems to suggest a pertinent role for the use of effective approaches for the detailed estimation of end-use
load profiles for each customer segment considering both a reasonable sample and length of time which would potentialize
the future estimations of all categories of DR potentials. Also, the determination of the technical suitability and the load
flexibility potential for each end-use-level and customer segment is considered to be essential to accurately reflect in
realistic DR potentials future estimations.

To summarize, the holistic assessment of the potential contribution of DR needs to surpass a set of barriers including
technical and non-technical ones. Regulatory barriers can be considered one of the most important aspects to be addressed
in order to improve the deployment of DR and also to enable customer participation in DR initiatives. The non-technical
barriers for the adoption of DR mechanisms would also be taken into account in order to assess the achievable DR
potential, for example. Finally, it can be concluded that although many advances have been observed over the past years,
primarily in developing countries, many challenges and barriers (e.g. technical, market and behavioral) associated with
the DR deployment still exists and appears as potential challenges for the deployment and dissemination of DR strategies.
The effectiveness of DR programs is also strongly dependent on government policies and regulations that should have
reliable and long-term support. Therefore, the outcomes of our literature review also lead to the conclusion that the
evaluation of potential benefits of DR measures should be addressed in a holistic manner, considering the external benefits
for the entire energy system (e.g. using a portfolio analysis) which would potentialize the cost-effectiveness of DR and
become a more attractive demand-side option.
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A few limitations need to be noted regarding the present study. Firstly, it is worth mentioning that the generalizability
of much published research on this issue is problematic and it is not considered a trivial task since each power system has
its particular characteristics. Secondly, more research on this topic needs to be undertaken, addressing the trade-offs of
each methodology that had been considered to evaluate the different categories of DR potentials. However, despite these
limitations, we highlight the potential of replicability of the methodology proposed in this paper to evaluate the different
categories of DR potentials across both different customer segments and power systems.
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