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Abstract—Demand response is a concept that has been around
since the very first electric power systems. However, we have seen
an explosion of research on demand response and demand-side
technologies in the past 30 years, coinciding with the shift towards
liberalized/deregulated electricity markets and efforts to decar-
bonize the power sector. Now we are also seeing a shift towards more
distributed/decentralized electric systems; we have entered the era
of “distributed energy resources”, which require new grid man-
agement, operational, and control strategies. Given this paradigm
shift, we argue that the concept of demand response needs to be
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revisited, and more carefully/consistently defined to enable us to
better utilize this massive resource for economic, technical, en-
vironmental, and societal aims. In this paper, we survey existing
demand response definitions, highlight their shortcomings, propose
a new definition, describe how this new definition enables us to
more effectively harness the value of demand response, and provide
a demand response research agenda informed by a discussion of
existing demand response barriers and enablers

Index Terms—Demand response, demand-side flexibility,
distributed energy resources, load aggregation, load control.

I. INTRODUCTION

HE concept of demand response (DR) has been around
T since the advent of electric power grids. Some of the first
power systems used time-of-use (TOU) pricing. For example, in
New York City in the 1890s, Samuel Insull used TOU pricing
to entice new off-peak customers to maximize the load factor
and increase the overall electricity demand [1]. Perhaps the first
widely-used load control program was employed in 1940s to cur-
tail the load during peak periods for system reliability via ripple
control [2]. A decade later, in Australia, a controlled load tariff
was added to shift the load of electric hot water heaters to low-
demand periods and provide financial benefits to end-users [3].

With such programs still in operation, DR definitions have
also largely remained the same for almost 60 years, retaining a
primary focus on economic motivations and system reliability
during peak demand periods [4], [5]. However, the power system
is changing with 1) the shift to liberalized/deregulated electricity
markets in the US, Europe, and Australia starting in the 1990 s;
2) a focus on climate change, efficiency, and decarbonization;
and 3) a paradigm shift from centralized to distributed energy
resources (DERs), which include distributed generation, storage,
and flexible loads, which could be customer-sited (i.e., consumer
energy resources (CERs)) or grid/utility-sited. These resources
enable capabilities that go beyond the traditional concept of DR.

These changes require us to revisit the concept of DR.
However, a fundamental challenge to this task is that there
are enumerable competing definitions of DR. Moreover, there
is a significant amount of DR-adjacent terminology including
demand (side) flexibility, demand side management (DSM), de-
mand side resource, demand management systems, distributed
energy resource management system (DERMS), virtual power
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TABLE I
DEMAND RESPONSE MOTIVATIONS ACROSS A VARIETY OF DEFINITIONS

Source

Grid Reliability ~ Economic  Environmental

US DOE (2006) [9]

FERC Orders 719 (2008) [10], 745 (2011) [11], & 2222 (2020) [12]

CPUC (2017) [13]

EU Directive 944 (2019) [14]
UK OFGEM (2021) [15]
Belgium (2022)* [16]

IEA (2024) [8]

National Grid ESO UK (2024) [17]
National Grid USA (2024) [18]
AEMC (2024) [19]

ARENA (2024) [20]

AEMO (2024) [21]

IESO (2024) [22]

NYISO (2024) [23]

PIM (2024) [24]

X

X

(x)
X
X

(x)

E B S B S I

Proposed Definition

*Definition not available in English; assessment based on English translation provided in Appendix A.

x = explicit, (x) = implicit.

plant (VPP), virtual battery, behind-the-meter (BTM) and front-
of-the-meter resources, DERs, etc. We argue that competing
definitions and a “clutter” of related concepts can undermine
the value and effectiveness of DR, muddling our understanding
of DR, its uses, and its benefits. Therefore, we propose a new
definition to clarify DR, with an aim of defining it as broadly
as possible to enable us to capture its full potential spanning
economic, technical, environmental, and social objectives.

In this paper, we first survey existing DR definitions across
the world and compare them, highlighting trends and gaps. We
then propose our new definition that broadens the scope of DR
and describe how this definition enables us to more effectively
harness the benefits of DR through a discussion of DR services
and value streams, mechanism design, and enabling technolo-
gies. Finally, we provide a DR research agenda informed by a
discussion of the technical, regulatory, and social barriers and
enablers of DR, which allows us to identify critical topics —
academic and applied — that should be addressed to effectively
advance DR.

II. DEFINING DEMAND RESPONSE
A. Comparison of Existing Definitions

There are many competing definitions of DR. For example,
Wikipedia defines DR as “a change in the power consumption of
an electric utility customer to better match the demand for power
with the supply” [6]. This definition is based on a BBC News arti-
cle’s definition [7]. In contrast, the International Energy Agency
(IEA) website defines DR as, “balancing the demand on power
grids by encouraging customers to shift electricity demand to
times when electricity is more plentiful or other demand is lower,
typically through prices or monetary incentives” [8]. Different
definitions and levels of detail in definitions lead us to different
understandings of the term and different notions of value that
DR brings.

One way in which we can compare definitions is in terms of
the way DR is motivated. We analyzed 16 DR definitions across
the US, Europe, and Australia. The definitions are provided in
Appendix A and Table I compares them in terms of the

motivations for DR (grid reliability, economic, and/or environ-
mental). We recognize that interpretations of each definition and
categorization may be subjective. Our process involved analyz-
ing the “concise” definition from each source (e.g., typically the
sentence or sentences after a statement of the form “Demand
response is a...”) rather than including the “extended” defini-
tion (e.g., all of the content within the referenced document
or webpage). “Grid Reliability” was indicated if the definition
mentioned “reliability” or related concepts (e.g., “helping to
balance the energy system”). Similarly, “Economic” and “En-
vironmental” motivations were indicated for definitions that
mention goals related to cost savings (including terms such
as “cost-effective’’) and emissions/environmental goals, respec-
tively. In the table, we delineate between definitions that explic-
itly mention these motivations versus definitions thatimply these
motivations.

Most definitions motivate DR based on its ability to im-
prove grid reliability and economics, i.e., its ability to reduce
wholesale electricity prices. Only recently, there have been some
attempts to expand the DR definition to include environmental
motivations. Our proposed definition, which will be presented
in Section II-C, does not explicitly or implicitly mention the
motivations for DR — we aimed to develop a definition that
simply defines what DR is rather than what it aims fo do. We
will discuss our reasons for this in Section II-C.

We also compare definitions in terms of how DR actions are
defined. Table II compares the same 16 definitions in terms of
six specifications around DR actions, specifically, whether the
actions are 1) not limited to load reduction, but could also
include load shifting, load increasing, and/or net production
(from, e.g., customer-sited generation, storage, and/or load); 2)
specified as voluntary, meaning DR participants may choose
whether or not to participate in DR programs and/or choose
whether or not to take DR actions (i.e., customers are not
forced to adjust their load); 3) specified as active, meaning DR
actions are active changes to consumption (made by a human
or automated process), not passive responses to changes in grid
states as dictated by physics (e.g., conservation voltage reduction
or inherent inertial response provide a “passive” response); and
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TABLE II
DEMAND RESPONSE ACTION SPECIFICATIONS ACROSS A VARIETY OF DEFINITIONS

Not Limited to Specifies Specifies Specifies Specifies Location of DR Signal
Source Load Reduction ~ Voluntary  Active Response ~ Temporary Responding Assets Broadly Defined
US DOE (2006) [9] X X (x) (x) )
FERC Orders [10]-[12] (x) (x) (x)
CPUC (2017) [13] X (x) ) (x)
EU Directive 944 (2019) [14] X (x) (x) )
UK OFGEM (2021) [15] X x) () (x) )
Belgium (2022)* [16] X
IEA (2024) [8] X (x) (x) ) ()
National Grid ESO UK (2024) [17] X (x) ) X
National Grid USA (2024) [18] (x) (x) X (x)
AEMC (2024) [19] (x) X X X (x)
ARENA (2024) [20] X X (x) (x)
AEMO (2024) [21] X (x) X
IESO (2024) [22] (x) X (x)
NYISO (2024) [23] (x)
PIM (2024) [24] X (x) X (x)
Proposed Definition X X X X X X

*Definition not available in English; assessment based on English translation provided in Appendix A.

x = explicit, (x) = implicit.

4) specified as temporary, meaning the action is not sus-
tained indefinitely like long-term energy efficiency upgrades.
We also assess whether or not the DR definition 5) specifies the
location of the responding asset (e.g., customer-sited or behind
the meter, as opposed to a network asset) and whether 6) the
DR signal is broadly defined, meaning the definition both
mentions the need for a DR “signal” and defines it broadly.
Commonly DR signals are external functional signals (on/off,
setpoint adjustment) or price/incentive signals, but could also be
interpreted to include measurements, e.g., of frequency and volt-
age. We argue that all six of these specifications are critical for
defining DR.

In most definitions, DR is not limited to load reduction,
but several North American definitions specify DR actions as
only load reductions. Most definitions explicitly or implicitly
require DR actions to be voluntary and temporary; however,
these specifications are missing from a number of definitions.
Only one definition explicitly states that DR should be an active
response, though this is implied in nearly all definitions, e.g., by
mentioning changes taken by customers. Similarly, no defini-
tions explicitly specify the location of the responding assets, but
nearly all imply their location, e.g., by mentioning the customer.
Few definitions both mention the need for a DR signal and
define that signal broadly. When it is mentioned, but not defined
broadly, it is often specified as a price or incentive.

B. The Problem With the Existing Landscape of Definitions

We next summarize the takeaways from Tables I and II.
We find that there is generally a consensus that DR refers to
a change in electricity use from normal consumption patterns
by consumers, which is often made in exchange for a financial
incentive. Besides this agreement, existing definitions generally
differ, and sometimes they conflict. We next argue that there are
anumber of problems with the existing landscape of definitions,
requiring a new definition.

First, many definitions, especially those in North America,
reflect notions of DR from the past, when it was used primarily
for peak load reduction to improve power system reliability and

reduce costs (e.g., FERC’s definition: “Demand response is a
reduction in the consumption of electric energy by customers
from their expected consumption in response to an increase in
the price of electric energy or to incentive payments designed to
induce lower consumption of electric energy” [10]). However,
DR 1) can be used to shape demand; 2) can leverage not only
load flexibility, but also BTM energy storage and generation; and
3) can provide other benefits such as reducing the environmental
impact of electricity production/use. Limiting DR to just peak
load reduction and to just motivations around reliability and/or
costs undermines its full value to provide a variety of different
grid services and to address a variety of different motivations.

Second, while some definitions overly restrict DR to certain
actions, signals, and/or motivations, others are too broad, which
could lead to confusion over what should and should not count as
DR. Some definitions are simultaneously too restrictive and too
broad (e.g., NYISO’s definition: “Demand response is the act of
reducing energy consumption from the grid at the direction of
the NYISO” [23], which theoretically includes utility-initiated
brownouts or energy efficiency measures encouraged by NY-
ISO, which we would argue are not DR.) To be useful, a
definition should balance being broad enough to encompass all
DR actions and motivations while being specific enough to rule
out actions that are not DR, e.g., actions that are not voluntary,
active, and temporary.

Third, some definitions are imprecise, only implicitly specify-
ing the key characteristics of DR. For example, U.K. OFGEM’s
definition (which uses the term “demand side response” instead
of “demand response”) includes all DR action specifications
in Table I except the broadly-defined DR signal: “Smart me-
ters, technologies, tariffs and services will enable consumers
to change their consumption patterns to match times of cheap
and abundant low carbon electricity, give consumers greater
control over their energy use and comfort levels and save money
by helping to balance the energy system. This is known as
demand side response (DSR)” [15]. However, most of these
specifications are implicit. The definition does not limit changes
to load reductions, but it only implies DR actions are volun-
tary, active, and temporary, and it only implies the location of
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the assets by mentioning the customer. While most existing
definitions are centered around the utility and network needs,
this definition shifts the focus to consumers and their comfort
needs, and broadens the motivation for DR to also include
environmental considerations. However, the definition’s lack of
precision, again, can lead to confusion over what should and
should not count as DR.

Fourth, there are too many competing definitions of DR,
which muddles our thinking about DR, its uses, and its value.
Likely because it is easy to pick apart existing definitions of DR
(as we have done above), it has been appealing for countries,
regions, and grid operators to redefine DR to fit their needs and
priorities. However, this makes it difficult to quickly come to
a common understanding when discussing DR. For example,
when mentioning DR in a paper, it is often necessary for the
authors to provide the definition of DR they are assuming so
that the readers understand how the authors see DR. It is then
common for the authors and reviewers to debate that definition
and whether what is being proposed is, in fact, DR. While we
recognize that providing yet another definition of DR may be
counter-productive, we believe that the power systems com-
munity can see the value of a common definition that is used
consistently.

Fifth, because of all of the above-mentioned problems, new
DR-adjacent terms have emerged to fill in gaps, which further
muddles the landscape. For example, with the current focus
on “flexible technologies” and “flexibility services”, the terms
demand flexibility, demand-side flexibility, and flexible demand
have become common, though we would argue these simply
re-brand DR. Demand-side flexibility (DSF), as defined by
Smart Energy Europe (smartEn), is “the capability of any active
customer to react to external signals and adjust their energy
generation and consumption in a dynamic time-dependent way,
individually as well as through aggregation™ [25]. Like most
DR definitions, this definition of DSF incorporates demand-side
resources responding to external signals. However, it is also
broader since it explicitly mentions customer-sited generation.
It also frames DR not in terms of an “action” but in terms
of a “capability.” There are other conflicting definitions of
DSF. In particular, the International Renewable Energy Agency
(IRENA) defines DSF as “the portion of demand in the sys-
tem (including via electrified heat and transport) that can be
reduced, increased or shifted within a specific duration” [26].
In this case, DSF refers to latent potential flexibility (measured
in terms of power) that could be activated through DR. This is
sometimes also referred to as the “demand responsive load” or
the “DR resource.”

In summary, there is a strong need for a DR definition thatis 1)
broad enough to encapsulate the demand-side’s full capabilities
and value in responding to grid needs, 2) narrow enough to rule
out actions that are not DR, 3) precise and concise in language,
4) broadly accepted by the power systems community as the
definition of DR, and 5) clear in how it relates to (or should
supersede) DR-adjacent concepts. Furthermore, we aim for a
purely technical definition that is jurisdiction-free such that it
could be adopted anywhere in the world. Next, we propose a
definition that addresses all of these gaps.

C. Proposed New Demand Response Definition and
Justification

Proposed Definition (Demand Response): Demand re-
sponse is the actions of customer-sited energy resources, lo-
cated downstream of metering points, to voluntarily, actively,
and temporarily adjust their electricity production and/or
consumption in response to signals (e.g., commands, prices,
measurements).

This definition is compared to the other definitions in the last
rows of Tables I and II. Note that the definition does not specify
any motivations in Table I, and it includes all specifications in
Table II. We have developed a definition that simply defines
what DR is rather than what it aims to do. Specifically, this
new definition avoids representing specific/narrow regulatory
and operational scenarios or grid-support services. Also, being
sufficiently broad (i.e., not specifying motivations) enables the
definition to encompass future developments, which is criti-
cal, given the rapidly evolving related context and technology.
However, the fundamental underlying actions that constitute DR
should be precisely and concisely defined, and consistent. Since
the definition uses the term “customer-sited energy resources”
we will henceforth refer to DR resources as CERs.

The definition is meant to be broad and inclusive of many
diverse forms of DR but also rule out actions that are not DR.
For example, actions that fit the proposed definition include
1) Traditional load shedding/shifting in response to DR signals
or prices (TOU, peak, and dynamic pricing); 2) Voluntary par-
ticipation in direct load control, interruptible load management,
and automated DR programs; 3) CERs (loads, storage, and/or
distributed generation such as solar PV) providing temporal
price arbitrage or participating directly in capacity, energy, or
ancillary service markets; 4) CERs providing spatial arbitrage,
e.g., managing data center load across multiple sites; 5) Single
loads providing grid balancing services or contingency services;
6) Aggregations of loads providing grid balancing or services,
contingency services, or some forms of congestion management;
7) CERs using local measurements of frequency to provide
primary frequency response/droop control; 8) CERs using local
measurements of voltage to provide voltage support services;
9) Buildings as hubs of responsive loads; 10) Single- or bi-
directional coordinated charging of electric vehicles (EVs) or
electric railway systems; and 11) Non-firm/flexible connection
agreements (assuming the customer has voluntarily agreed) in
which a customer’s consumption and/or production limits are
managed via a contractual agreement [27]. We note that this list
is non-exhaustive.

Actions that do not fit the proposed definition include 1) En-
ergy efficiency, also known in some jurisdictions as electricity
waste reduction (EWR), because actions are not meant to be
temporary; 2) Conservation Voltage Reduction (CVR), specif-
ically, actions taken by the utility to reduce network voltages
to reduce power/energy consumption because participation by
customers is not voluntary or active; 3) Under-frequency load
shedding (UFLS) by the utility or system operator because
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participation by customers is not voluntary or active; 4) Rotating
outages/brownouts, i.e., load/generation shedding, initiated by
the utility or system operator because participation by customers
is not voluntary or active; 5) Inherent inertial response (e.g., from
customer-sited motors) because customer participation is not
voluntary or active but rather (passively) dictated by the physics
of the devices; and 6) Actions by network-sited assets like
utility-owned energy storage and voltage regulation equipment
because the resource is not customer-sited. Again, this list is
non-exhaustive.

D. Nuances

Of course, we acknowledge that there is no perfect definition.
We also acknowledge that there will be controversy about what
actions fit the proposed definition and whether or not they should.
Rather than attempting to clarify every type of action, we instead
discuss some of these controversies here. We note that we do not
have to come to a universal agreement on every action for the
definition to be useful in helping us 1) understand DR and 2)
increase its value to the power system.

One key point of contention may be whether or not customer-
sited solar PV response (e.g., curtailment, volt/var control)
should be considered DR, especially when its actions are un-
coordinated with customer-sited load or energy storage. Per our
definition, these actions count as DR because customer-sited
resources take them temporarily, actively, and voluntarily. We
believe this is consistent with how utilities generally treat BTM
production as (negative) demand. However, we observe that volt-
var and volt-watt automatic response modes are now mandated
for new inverter-connected energy systems in some jurisdictions
(e.g., since 2021 in Australia and New Zealand [29], [30]), which
makes them required built-in responses, not voluntary, and
consequently, not DR. Since these responses are automatically
activated by the local voltage, they are generally temporary.

Actions taken by customer-sited fossil-fuel-burning backup
generators are another point of contention. Per our definition,
these actions should be considered DR. Some US states allow
backup generators to participate in remunerated DR programs,
but others do not because of the associated environmental im-
pacts. It is not clear whether or not these actions should be
encouraged, given the broader goals of DR, but we do not aim
to settle this debate here.

III. VALUE OF NEW DEFINITION

We next highlight how the new definition enables us to harness
the value of DR more effectively by discussing DR services
and their value streams, explaining how they can be monetized
via specific architectures and implementation mechanisms, and
describing required technologies. Adoption of our broad DR
definition would enable DR program designers and regula-
tors to consider the full range of DR services, mechanisms,
and technologies. Specifically, this would enable designers to
think more creatively about how DR can be designed/deployed
to meet specific needs, and this would enable regulators to
more holistically consider the impact of DR regulation on

promoting or discouraging the many flavors of DR in their
jurisdiction.

A. DR Services and Value Streams

CERs can provide 1) traditional DR services, 2) power system
services through participation in bulk energy, capacity, and
ancillary service markets, 3) local network services, and 4)
BTM services. Existing DR definitions primarily align with 1),
though some definitions admit elements of 2)-4). Our definition
comprehensively covers all four service types.

1) Traditional Services: Historically, DR programs have
been used to deal with discrete events, e.g., contingencies and
predictable peak loads periods. Many early DR programs re-
lied on large industrial customers that could curtail electricity-
intensive processes via, e.g., interruptible load management
programs [30]. Later programs incorporated large commer-
cial loads, and leveraged TOU pricing, dynamic pricing, and
demand/capacity bidding, again with a focus on peak load
curtailment. In some parts of the world, residential customers
participate in DR via direct load control and TOU pricing.

2) System Services: CERs are capable of participating along-
side supply resources in energy, capacity, and ancillary service
markets [31], [32], though many regions do not yet fully al-
low this. For example, in Australia, only industrial and large
commercial loads can participate in the wholesale DR mecha-
nism [33]. In the US, FERC Order 2222 [12] facilitates electric-
ity market participation by DERs by requiring the Independent
System Operators (ISOs) it regulates to open up their markets
to DERs, but the roll-out of ISO mechanisms to support this
is ongoing. Increasing renewable integration requires a more
responsive demand-side resource to provide grid balancing ser-
vices. While some types of industrial and large commercial
loads are relatively easy to engage in peak load shedding, their
individual size or end-use processes are usually not well-suited
for system services. In contrast, small, continuously-responsive
CERs are highly granular and, therefore, well-suited to provid-
ing balancing services when aggregated [34]. They also present
the largest untapped pool of DR resources.

3) Local Network Services: CERs can also be used to man-
age power flows in distribution networks by providing local
network services, such as congestion management and voltage
control. In contrast to bulk capacity and balancing services,
which can be sourced over a large geographical area, voltage
control and congestion management services in distribution net-
works are location-specific. The buyer of local network services
is generally the distribution system operator (DSO)/utility (also
referred to as a network service provider), so network services
provided by CERs can be used as a non-network or non-wires
alternative to network upgrades [35]. Field demonstrations of
CERs providing network services are in the early stages, with
trials in Australia exploring: 1) local services distributed en-
ergy markets, 2) bilateral procurement of network services,
3) dynamic network pricing, and 4) real-time procurement of
local network support [36]. In these trials, dynamic operating
envelopes [37], [38] are used to communicate local network
hosting capacity to DERs.
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4) Behind-the-Meter Services: BTM services aim to reduce
a consumer’s electricity bill or manage a local (i.e., building-
level) constraint. These services can complement traditional
and/or system services as CERs operated to reduce costs also
perform services in response to a (price) signal designed to
benefit the system. They can also complement local network
services by managing local power flows. One BTM service is
retail price arbitrage, where the net demand is reduced dur-
ing the high-price periods and increased during the low-price
periods. Retailers/utilities encourage retail price arbitrage to
mitigate their price exposure in the wholesale market. A second
service is peak load reduction to reduce peak load network
charges (also known as demand charges or capacity tariffs),
i.e., charges for the maximum average x-minute load over a
fixed time frame. DSOs/utilities assess these charges to reflect
network utilization and infrastructure costs. Managing the peak
load is also important when connecting a new building/facility,
as connection costs are a function of the connection power.
Thus, peak load management has the triple effect of reducing
energy costs, reducing peak load network charges, and reducing
one-time connection costs. A third service is local constraint
management, in which CERs are used to manage a physical
connection constraint at a building/facility, e.g., electrical panel
capacity. Often electrical codes require electrical connections
to handle all feasible flows from all installed devices, and so a
consumer is unable to install a new device if their system is not
sized to accommodate it. However, DR could be used to manage
local constraints deferring or eliminating the need to upgrade the
connection.

B. Mechanism Design for Demand Response

Mechanism design concerns the design of rules and insti-
tutions to achieve desired outcomes in economic and social
systems [39]. A range of DR mechanism designs have been
proposed, varying by engaged participants, types of services,
technologies, computation/communication requirements, level
of centralization, and whether coordination is via direct or indi-
rect negotiation [40]. In this section, we detail DR architectures
and implementation approaches. Our DR definition covers all
approaches in an implementation-agnostic manner. In contrast,
existing DR definitions that rule one or more of these architec-
tures or implementation approaches limit the uses and value of
DR.

1) Architectures: Prior work has categorized DR along dif-
ferent dimensions, e.g., [30], [41]. However, we contend that
there are are four dominant architectures for DR mechanism
design (see Fig. 1): (i) direct procurement, (ii) aggregation,
(iii) peer-to-peer (P2P) trading, and (iv) uni-directional pric-
ing. Existing DR definitions favor uni-directional pricing and,
to some extent, direct procurement, while rarely covering the
other architectures. We categorize each architecture in terms
of centralization and whether coordination is direct or indi-
rect. Centralized approaches are more inline with how power
systems are currently operated; however, they usually require
a high degree of information sharing leading to privacy and
single-point-of-failure risks. Decentralized approaches mitigate

Direct Procurement

System
Operator

Aggregation
System
Operator
Aggregator

Centralized

Senousae et
P2P Trading Uni-Directional Pricing
”””””””””””” System
Decentralized Pzzzm@\%p
OO SO0
Direct Indirect

Fig. 1. Dominant architectures for DR mechanism design and how they
vary in terms of centralization and whether coordination is direct or indirect.
Communication links/directions are shown with arrows. Specific DR strategies
may blend elements of these architectures and/or include multiple entities, e.g.,
aggregators or P2P platforms.

these risks, but may reduce DR performance (e.g., resulting in
price/power oscillations [34]).

Direct procurement: DR services can be directly procured
from CERs, either by updating existing electricity market mech-
anisms or by developing new DR-focused mechanisms. Meth-
ods for incorporating large sources of transmission-connected
DR, such as industrial sites, into markets (e.g., for frequency
response and regulation) are well established [42]. Procuring
DR services from CERs embedded within local distribution
networks is more challenging as CERs are generally too small
for direct procurement within regional-scale electricity markets.
To address this, new centralized local energy and flexibility
market designs have been proposed [43]. These local markets
can enable economically efficient energy dispatch and flexibility
services, but they represent a significant change to traditional
retail electricity arrangements [44] and may have significant
distributional effects. Key design considerations include alloca-
tive efficiency, distributional fairness, constraint management,
uncertainty handling, data privacy, computational scalability,
and distribution—transmission coordination.

Aggregation: Directly procuring DR services from small-
scale CERs requires coordinating thousands to millions of
devices. To enable scalability, CERs can be aggregated by
an intermediary (aggregator or VPP) and then managed as a
single dispatchable unit within electricity markets [45], [46].
The aggregation’s capabilities depend upon the aggregation’s
composition and coordination architecture, as well as the spatial
distribution of CERs [47]. Mechanisms are needed to share
costs/profits with participating CER owners [48].

P2P trading: P2P trading can be used as an alternative to
centralized market mechanisms [49]. Under P2P trading, CER
owners and other local market participants can directly negotiate
with one another. P2P transactions can involve direct energy
trading or other services, such as spare export capacity [50].
P2P trading offers advantages in terms of scalability, privacy,
and CER owner autonomy [51]. P2P trading can also support
bottom-up federation to enable participation in markets as a VPP,
similar to the aggregation architecture [52]. Network constraint
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management is challenging under P2P trading since the feasi-
bility of flows on the local network depend on the collective
operation of embedded devices [53], [54]. Network constraint
handling approaches include the use of P2P transaction fees [54],
[55], centralized transaction checking/approval [54], [56], inte-
gration with local flexibility markets [57], and operating en-
velopes [58].

Uni-directional pricing: Sending uni-directional prices elim-
inates the need for bidirectional communication. For example,
TOU tariffs already incentivize load shifting [59] and enhancing
their spatio-temporal granularity can facilitate further coordina-
tion [60]. However, the effectiveness of uni-directional pricing
depends on the accuracy of demand and demand flexibility
forecasts and could exacerbate demand synchronization when
networks have significant amounts of embedded flexibility [61].
Nonlinear and randomized pricing arrangements have been pro-
posed to help mitigate this [62].

2) Implementation Approaches: The architectures in Fig. 1
could be implemented through regulatory or competitive mecha-
nisms, or acombination of both. The implementation strategy af-
fects resource allocation, participation incentives, coordination
among stakeholders, and performance. Note that henceforth, for
brevity, we often refer to the entity managing DR (i.e., the ISO,
DSO, utility, retailer, aggregator, or P2P platform) as the “DR
operator.”

Regulatory mechanisms: Regulatory mechanisms are often
present in uni-directional pricing and non-market-based direct
procurement. They may lead to inefficient signals and thus
undermine the value of the program, which is already asymmet-
rically low to participants relative to DR operators. For example,
TOU and dynamic pricing offer financial rewards to encourage
participation, but can also cause negative effects such as cross-
subsidization, failure to engage specific participant groups, and
inefficiencies due to their typically coarse temporal granularity
and lack of spatial granularity. Ultimately, the performance
of any regulatory mechanism is based on ensuring fair and
transparent operation and facilitating participant trust. However,
improper design can lead to the poor outcomes and an exodus
of participants.

Competitive mechanisms: As opposed to regulatory mecha-
nisms, which cannot be customized for every operational even-
tuality and the individual needs of each participant, competitive
mechanisms provide participant-specific signals. For example,
auctions enable DR procurement through competitive bidding,
ensuring efficient resource allocation, price discovery, and com-
pensation for participants. This can be achieved through partici-
pation in electricity markets via direct procurement, aggregation,
or P2P trading. The economic gains of competitive mechanisms
relative to regulatory mechanisms vary for different auction
choices (e.g., in connection to their ability to sustain efficiency,
costrecovery, revenue adequacy, or truthfulness of bidding). Ad-
ditionally, competitive mechanisms facilitate communication,
data exchange, and coordination, streamlining the enrollment,
monitoring, and implementation of DR programs. Furthermore,
competitive mechanisms naturally accommodate the diversity
of choices by DR participants, particularly those related to data
exchange (thus facilitating privacy) and opt-in/out options.

C. Enabling Technologies

Different technologies support different DR services, archi-
tectures, and implementation approaches. We next describe the
technologies that are required to enable the value streams and
mechanisms consistent with our broad DR definition.

1) Local Sensing, Actuation, and Computation: All DR ar-
chitectures require CERs to 1) receive information via an exter-
nal or locally-sensed signal and 2) be able to act (i.e., change their
consumption or production). CERs may integrate additional
sensors (e.g., temperature) to enable appropriate responses, data
storage, and local computing needed to implement control,
estimate parameters, or otherwise process data. For some DR
services/architectures, communications between CERs and ad-
vanced metering infrastructure (AMI), i.e., smart meters, which
provide sensing and computing capabilities, may be useful.
These functions could also be embedded within the CER itself
(e.g., smart thermostat or EV charger) or within a building
energy management system (EMS) [63].

2) Communication: DR typically requires communication,
except when based solely on local measurements. Some of the
first DR programs used ripple control, a type of power line com-
munication, to control individual appliances directly [2]. Early
DR programs also relied on phone calls, radio announcements,
or internet posts announcing DR events. Today, application pro-
gramming interfaces (APIs), which define how to interact with
devices/systems and provide consistent meaning to data being
sent/received, are becoming common. Communication can also
be possible via AMI; however, smart meters are not typically not
configured for real-time communications. Also, a P2P trader or
an aggregator may not have direct access to AMI, since it is
typically owned by the retailer/utility. With increasing pene-
tration of CERs, standarized DR communication protocols are
becoming more important. Examples include Open Automated
Demand Response (OpenADR) [64], which facilitates exchange
of DR information between utilities and consumers, and IEEE
2030 [65], which facilitates device-to-device communication
and integration across different systems encompassing multiple
aspects of grid interoperability including communication proto-
cols, data models, and security mechanisms for AMI, inverters,
EMS, EVs, etc.

3) Modeling and Forecasting: Modeling and forecasting can
be used by DR operators to determine the need for DR. Some DR
operators simply use weather forecasts to call DR events [66].
Others use demand forecasting, i.e., predicting future electric
demand based on historical data, weather, time of day, season,
etc. in lieu of demand bids to determine capacity requirements
for system services. Demand forecasts can also be used together
with network models to forecast, e.g., network congestion and
the need for local network services. Additionally, models can
be used by participants to determine demand forecasts and
flexibility forecasts, and to design optimal CER responses.

4) CER Orchestration: CER orchestration, carried out by the
DR operator, coordinates CERs to achieve specific objectives
or outcomes. The concept of orchestration is closely linked to
aggregation. While orchestration achieves coordination, aggre-
gation achieves consolidation of individual CERs into a single
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dispatchable unit. Direct procurement and uni-directional pric-
ing orchestration is enabled through communication protocols.
P2P trading uses digital platforms that connect individual par-
ticipants allowing the platform to offer response from any/all
platform participants, thus effectively acting as an aggregator.
For aggregation architectures, the orchestration problem could
be cast as a large-scale model-based control problem and solved
centrally; however, this can be computationally expensive when
the aggregation includes a large number of CERs. Alternative
approaches leverage distributed optimization [67] or reduced-
form system models that capture essential aggregate CER dy-
namics [68].

IV. A DR RESEARCH AGENDA FOR THE DER ERA

In this section, we frame a DR research agenda. We first de-
scribe DR barriers and enablers from 1) technical; 2) regulatory,
policy, and market design, and 3) social perspectives. Based on
this, we identify critical research topics that should be addressed
to advance DR.

A. Technical Considerations

Emerging technology trends may enhance DR uptake, in-
crease the scale of existing DR implementations/systems, or
increase DR functionality, better aligning DR capabilities with
our broad definition of DR. Here, we revisit each category listed
in Section III-C and discuss technology enablers that will help
us more effectively harness the full value of DR. We also discuss
associated limitations/barriers.

1) Local Sensing, Actuation, and Computation: Grid-edge
computing is an emerging technology that enables faster sensing
and more substantial computing capabilities at a meter, building
gateway, or CER [69]. Cloud computing technology allows the
data processing and storage capabilities of CERs to be aug-
mented with cloud infrastructure [70]. New sensing technologies
allow faster sampling of data streams and the measurement or
estimation of additional quantities (e.g., voltage, current, and
frequency waveforms). Grid-edge computing allows advanced
algorithms to run at the meter, building gateway, or CER, en-
abling more complex DR functionality, novel control architec-
tures, and the potential for more targeted participant recruitment
and increased customer engagement through data visualizations.
While grid-edge computing requires new hardware, cloud in-
frastructure more readily extends the computation and data stor-
age capabilities of existing internet-connected devices, allowing
more complex algorithms to be run offsite. Inverter-based CERs
usually include measurement and communication capabilities,
enabling the power consumption/production of these devices to
be measured and communicated offsite. The additional infor-
mation from these devices, grid-edge computing, and energy
disaggregation [69], [71] allow richer measurement streams,
which can be used to improve or augment DR capabilities.

Limitations of these technologies include cost, security, and
reliability. As noted above, grid-edge computing requires new
hardware, which can be expensive, and robust data communica-
tion networks [69]. Limitations of cloud computing include cy-
bersecurity concerns and costs. Additional sensing capabilities

and energy disaggregation generally require new hardware and
data communication capabilities. The (un)reliability of energy
disaggregation estimates may also limit their usefulness.

2) Communication: Opportunities to enhance DR adoption
and scale include 1) increasing data throughput by improving
communication network speeds, 2) seamlessly interconnecting
systems through interoperability, and 3) securing communica-
tion networks through cybersecurity. Communication network
speeds dictate the volume of information that can be passed
between internet-connected hardware components. Interoper-
ability is “the ability to exchange actionable information be-
tween two or more systems and across and within organizational
boundaries,” [72] and it defines the ease with which CERs can be
integrated into a DR system. Cybersecurity refers to the ability
to secure data flows, databases, and hardware against external
threats and abuse.

The deployment of 5 G wireless communication technology
increases data throughput by orders of magnitude [73] creat-
ing opportunities for communicating more information and for
transmitting information at higher frequencies. This enables
1) a better understanding of how the system is operating, 2)
control on faster timescales, and 3) provision of more effective
DR services. Faster communication speeds also support scaling
DR, as more data must be transmitted in a given time frame
as more CERs participate in a DR system. Creating seamless
interoperability of CERs, AMI, supervisory control and data
acquisition (SCADA) systems, cloud infrastructure, etc. reduces
system integration costs and can allow a more diverse set of
CERs (and CER manufacturers) to participate in DR. Securing
communication systems reduces concerns that attacks on CERs
might negatively impact power systems.

Concerns over communication delays, the performance of
interoperability efforts, and the vast number of CERs that must
have secure communication channels may limit the adoption
of DR. Specifically, the latency in communicating between
existing hardware and the cloud, along with security and cost
considerations, may limit its application [74]. Specialized CER
communication protocols exist to enhance interoperability; how-
ever, these protocols may be less reliable than other protocols
(e.g., SCADA protocols) resulting in poor performance [74]. In
addition, protocols can be difficult to use due to their complex-
ity, reducing interoperability rather than enhancing it. Existing
cybersecurity standards may need to be updated and refined
for DR [73]. Cybersecurity must mitigate the impacts of CER
attacks on the broader power system [75]; otherwise it may be
necessary to limit the scale of DR.

Effective standards can help achieve these goals, and poor
standards can hinder DR adoption and services. The devel-
opment of standard API interfaces for CERs, standard and
lightweight communication protocols for interacting within DR
systems, and standards for cybersecurity would allow DR to
operate with less overhead and with more security, lowering
barriers to DR adoption and scale. Currently, most manufac-
turers have their own proprietary communication protocols
and/or APIs, requiring DR operators to develop CER integration
strategies for each device/manufacturer [74]. A recent demon-
stration of frequency regulation with air conditioners required
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development of custom hardware/software bypassing existing
customer thermostats since those thermostats had closed APIs
and, even if the APIs had been open, they would have had insur-
mountable communication limitations [32]. Standardization of
protocols and security measures would enhance interoperability,
reducing costs and time-to-deployment. It would also mitigate
concerns about the vulnerability of these systems [75].

3) Modeling and Forecasting: Modeling and forecasting are
necessary to establish baselines, i.e., estimates of what CERs
would have consumed/produced under normal operation, with-
out the influence of DR. In some cases, baselines are used to
determine the performance of or payment for DR. Accurate
baseline estimation remains a fundamental challenge [76]. Some
DR programs require participants to declare their own baseline
in advance of events [77]. This requires the participant, rather
than the DR operator, to model and forecast the baseline. Some
DR architectures do not require baselines, e.g., P2P trading and
uni-directional pricing.

Machine learning algorithms are improving the accuracy with
which the behavior of CERs, both their baselines and responses,
can be forecast. Online learning algorithms can also be used to
disaggregate network load from different types of CERs in real-
time, leveraging typical SCADA and building-level data [78].
Real-time estimates of the load from different types of CERs
can be used to develop real-time estimates of CER flexibility.
However, the reliability, data needs, and complexity of these
approaches can be a barrier to adoption.

While advanced modeling, forecasting, and learning ap-
proaches are being developed, CER responses are often seen as
unreliable by grid operators, and the resources may not be fully
utilized as a result [74]. In addition, many advanced algorithms,
such as deep learning, rely on extensive amounts of data that
might not be available, making the approaches impractical.
As these algorithms become more complex, more specialized
knowledge is required to implement/operate them, which may
limit the personnel capable of working with them. In addition,
models need to be explainable to DR operators and regulators,
so that the impacts of different inputs to the models are properly
understood.

4) CER Orchestration: Enablers of CER orchestration in-
clude ensuring consumer comfort and increased automation.
Specifically, most modern DR orchestration algorithms focus on
minimizing disruption to the end-user, e.g., control of air con-
ditioners that does not allow the indoor temperature to deviate
outside of the normal operational range while allowing flexibility
in when the device consumes power. Automation at the building
level is becoming more common, allowing more effective and
targeted responses to DR signals [79]. However, barriers to the
adoption include CER orchestration complexity and difficulty
justifying the costs of enabling CER orchestration [74]. Specif-
ically, increasingly complex DR applications and algorithms
may be difficult for DR operators to implement or regulators to
oversee. The cost of establishing control of CERs and verifying
results may be prohibitive compared to the availability of other
resources.

Another key challenge is the impact of DR on distribution
network constraints. As DR programs scale, a lack of awareness

and consideration for the state of network may cause a decrease
in system reliability, e.g., due to voltage violations or component
overloading, and cause both DR operators and CER owners to
distrust DR. Therefore, researchers have proposed “distribution
network-aware” CER orchestration approaches [79], [80]. How-
ever, these usually require integration with SCADA systems
and/or other systems at the distribution level. A possible solution
is to cast the problem as an optimal power flow problem and solve
itin a centralized or distributed fashion; the latter approach was
recently trialed on Bruny Island in Australia [81]. However, this
requires full CER and network observability, which is challeng-
ing for two reasons. First, the regulatory separation between
DSOs and retailers (in Europe and Australia) and between util-
ities and aggregators (in North America) results in information
asymmetry [82], i.e., retailers and aggregators generally do not
have access to network data, DSOs/utilities may not have access
to CER data, and DSOs and aggregators may not have AMI
data. Second, DSOs/utilities may not have detailed or accurate
models of their low-voltage networks.

B. Regulatory, Policy, and Market Design Considerations

We next highlight barriers and enablers in today’s regulations,
policies, and market designs. In many jurisdictions, regulatory
frameworks, such as FERC Order 2222 (US) and the Electricity
Directive (EU), have recently rolled out to begin to address some
of the issues listed below.

1) Lack of Proper Legal/Regulatory Frameworks: Enabling
DR often requires the introduction of new actors, such as aggre-
gators, as well as new relationships between new and existing
actors. Legally defining these new entities, their rights (e.g., to
participate in electricity markets) and responsibilities (e.g., in
case of conflict with a consumer) is crucial to provide a basis for
their activities. However, in the EU, four member states do not
have a legal definition of an “aggregation” [83]. The absence
of these legal frameworks is an entry barrier for new market
participants, which in turn may limit competitive pressure and
innovation [83]. Similarly, with data playing a crucial role
in many DR architectures, non-discriminatory and transparent
rules and procedures on access, exchange, and use of (consumer)
data must be putin place [83]. However, access to consumer data
by aggregators is not yet possible in Spain, Italy, and Poland [83].
Legal and regulatory frameworks should allow all resources
and actors to participate in electricity markets, provided they
meet technical and financial requirements. However, aggrega-
tions and CERs are not allowed to offer balancing services in
Denmark [83] and, prior to FERC Order 2222, FERC-regulated
US states could choose to ban aggregators. Now DERs are or
will be allowed to participate in FERC-regulated US electricity
markets, but some regions (e.g., MISO) may wait until 2029 [84].

2) Challenges With Remuneration: Measuring CER re-
sponse to DR signals, required by most DR remuneration
schemes, requires direct CER power measurements and/or AMI.
However, the roll-out of AMI is incomplete, e.g., in 2022, only
13 out of 27 EU member states had AMI deployment levels
of over 80% [83]. Furthermore, AMI does not always have
the necessary features to fully harness the potential of CERs.
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Another renumeration challenge is that, for some DR services,
markets/incentives are missing, e.g., markets for local network
services are non-existent (except for some early trials [36]).
Cost-based congestion management, favored by many transmis-
sion system operators in Europe [83], typically elicits services
from conventional power plants, even though CERs may provide
these services more cost-effectively.

Current retail rate structures typically mute the benefits of
DR. Adoption of real-time pricing, which would better signal the
need for and value of DR to consumers, is slow. In part, this may
be driven by concerns about excessive (variations in) electricity
bills as seen in the 2021 Texas Energy Crisis [85]. A notable
exception is Norway, where over 90% of consumer have opted
for dynamic electricity price contracts. Furthermore, the energy
component in retail rates is often low (in 2022, it represented, on
average, less than 50% of the final electricity bill for a household
in 10 EU member states [83]), muting the benefit of shifting de-
mand. Innovative distribution and transmission network tariffs,
which could, e.g., signal the value of local network services, are
lacking in many parts of the world. For example, only Spain,
Norway, and Austria use time-differentiated network tariffs for
all consumers [83]. Furthermore, regulatory interventions and
policies, though well-intentioned, further distort the incentives
for DR. Examples include capping retail rates (e.g., during
the 2022 energy crisis in Europe), social tariffs for vulnerable
consumers, subsidy schemes, and net-metering policies.

3) Requirements That Limit Market Access: CER access to
electricity markets is often restricted or impeded by regulatory
and participation requirements, such as minimum bid sizes and
long market lead times. For example, for US ISO-run day-ahead
energy markets, CER aggregations are typically represented
through convex offer curves or simple price-quantity pairs [84],
[86]. More complex offer structures would allow more accurate
representation of constraints and costs [84], [86]. In the Eu-
ropean day-ahead market, CER aggregators may use complex
bid and order structures to capture the limitations and costs of
the underlying assets [87]. However, excessive administrative
and financial requirements (e.g., collateral) hamper CER market
participation [83].

Several design features of the European operating reserve
markets, which are cleared separately from the day-ahead energy
market, limit the uptake of DR. Examples include non-market-
based reserve capacity, restrictions in the pre-qualification
phase, large minimum bid or capacity sizes, long procurement
lead times, and long balancing capacity contracts [83]. As a
result, DR provided less than 5% of the balancing capacity across
all reserve categories in all EU member states except France
in 2022. In the US, after the implementation of FERC Order
2222, DERs will be able to provide reserve capacity though
participation requirements may still make that challenging for
some CERs [84].

Capacity markets may impose CER participation restrictions
through product/contract design or in the capacity allocation
process. For example, DR may not be eligible to participate in a
capacity market due to requirements on the connection voltage
level or minimum asset size, such as in Germany’s strategic
reserve [83]. Multi-year contracts with year-round availability

requirements, e.g., in the Belgian capacity market, are more
challenging to fulfill by CERs [83]. The allocation process,
typically an auction, may feature long lead times, minimum bid
sizes, low capacity, or DR derating factors. As a result, the share
of DR in contracted volumes has typically been below 10% in
the European capacity markets [83].

C. Social Considerations

The grid is a complex subject, and most of the general
public has a highly simplified view of power systems. Their
only personal interaction with electricity has, ironically, been
in its absence: when an electric appliance breaks, a phone
battery runs out, or a home experiences a blackout. That is,
people think about electricity during the 0.8% of the year it
is unavailable [88]. Thus, it is no wonder that DR programs
receive very little interest and struggle to achieve scale. Many
DR operators provide minimal DR/grid education to consumers,
still rely on crude incentive mechanisms (e.g., $25 to sign up)
that are poorly communicated (if at all), mischaracterize the
dynamic nature of DR as responsiveness only during discrete
and rare “events,” and do not equitably share the benefits of
participation, resulting in recruitment and retention challenges.
Moreover, for residential customers, DR incentives are generally
very small, making participation “not worth thinking about.”

In addition, many existing opt-in DR programs indirectly
favor participants who can afford new (more expensive) CERs
and skew participation to the upper socioeconomic, more senior,
and more highly-educated segments of the population [89], [90].
Given that the direct benefits from participating are financial and
shared only with participants, DR programs could shift costs
from more well-off (who can afford fuel-switching/upgrading
appliances) to less well-off consumers (who cannot afford up-
grades), raising concerns around energy equity and justice [91],
[92]. Insufficient communication between DR operators and
consumers also causes distrust in terms of a perceived lack
of data security and privacy, and displeasure/discomfort from
participating [93], [94].

Recent public policies are trying to shift the status quo by
more actively including diverse communities in conversations
about the power system [95] and by promoting decentralization
and democratization of energy systems, such as with energyshed
design [96], [97], as means to achieve decarbonization and
electrification objectives. As a result, some DR operators are
now placing consumers at the center of DR programs [98]. Over
the last decade, this has led to highly-subsidized (or free) smart
devices being made available in energy-as-a-service subscrip-
tion programs (e.g., rent 10 kW of batteries for $55/month [99]),
automated enrollment schemes, over-the-air updates, cohesive
messaging about global (CO3) and local (energy cost) impacts,
initiatives focused explicitly on promoting inclusivity (through,
for example, rate design and DR technology subsidies for
low-income customers), and advanced CER orchestration that
accounts for comfort/quality of service. However, some DR
technologies have advanced so rapidly that the DR operators
themselves are struggling to keep up, which causes a growing
distrust among CER manufacturers, who are concerned with
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consumers having a poor DR experience. In sum, more con-
versations are necessary between device manufacturers, DR
operators, regulators, and the general public to overcome social
barriers and scale DR efforts. Our new DR definition provides a
common, clear starting point.

D. Critical Research Topics for DR

Based on the prior discussions, we have identified technical,
regulatory/economic, and social challenges and needs around
DR, requiring more research, development, and deployment.

1) Technical: Robust communication networks are es-
sential for communication between CERs, the cloud, and grid
operators/utilities/retailers. This requires advancements in in-
teroperability, cybersecurity, cloud communication, grid-edge
computing, and network reliability. Moving towards ‘“plug and
play” capabilities can reduce interoperability barriers. Regu-
lators can enforce standardization to reduce costs associated
with device APIs. Grid-edge computing can reduce reliance on
broadband systems but incurs hardware, deployment, and main-
tenance costs. Reducing these costs can accelerate DR adoption.
Improved models and forecasts of CER behaviors enhance DR
utilization. Transparency in DR performance reduces expecta-
tions around response uncertainty. Clear model and forecast out-
put specifications can enhance DR adoption. CER orchestration
is limited by lack of integration with SCADA and high device
manufacturer API limitations and fees.

2) Regulatory/Economic: There is a need for methods to
enable proper remuneration, reflecting the true value of DR.
This includes advancing rate and market designs, including
promoting real-time pricing and advanced network tariffs, re-
moving distortive regulatory interventions, creating novel mar-
kets to unlock untapped DR value (e.g., local network services),
and removing restrictive market access requirements in existing
markets. The latter requires defining roles and responsibilities,
including removing regulatory and legal barriers to allow CERs
to offer DR, directly or through aggregators, in all electricity
markets. Utilities should be able to rate-base investments in
DR-enabling infrastructure, e.g., sensing/communication as-
sets.

3) Social: Public understanding of the electricity system lags
behind that of many other technologies. Therefore, education
and outreach are essential. Public perception of utility com-
panies is often poor, with inherent distrust of new technologies
and programs, requiring trust-building and/or involving other
trusted entities in DR implementations. DR schemes should
ensure equitable participation and remuneration among par-
ticipants, and equitable sharing of value among all consumers.
Additionally, DR participation needs to be easier, with simple
sign-up processes, automated control, and clear and compelling
remuneration schemes.

V. CONCLUSION

This paper proposed a new definition of DR that encapsulates
the demand side’s full capabilities and value in responding to
power system needs. We demonstrated how existing definitions
are largely insufficient, especially in the era of prolific DERs, and

how DR-adjacent concepts clutter the landscape. Our definition
aims to be as broad as possible while ruling out actions that
are not DR, precise and concise in language, and, eventually,
broadly accepted by the power systems community. Through
a discussion of DR services and value streams, mechanism
designs, and enabling technologies, we demonstrated the value
of our new definition of DR. We also discussed DR barriers and
enablers, which allowed us to outline a DR research agenda. The
next step is for DR stakeholders, broadly defined, to discuss their
current definitions of DR and whether they could be improved
and/or whether our definition could be adopted to enable more
DR creativity, use, and value.

APPENDIX A
DR DEFINITIONS

Here, for completeness, we list all of the definitions consid-
ered in Tables I and II.

US Department of Energy (DOE) Report to Congress,
2006 [9]: “Demand response is a tariff or program established
to motivate changes in electric use by end-use customers in
response to changes in the price of electricity over time, or to
give incentive payments designed to induce lower electricity
use at times of high market prices or when grid reliability is
jeopardized.”

US Federal Energy Regulatory Commission (FERC) Orders
719 (2008) [10], 745 (2011) [11], and 2222 (2020) [12]:
“Demand response means a reduction in the consumption of
electric energy by customers from their expected consumption
in response to an increase in the price of electric energy or to
incentive payments designed to induce lower consumption of
electric energy.”

California Public Utilities Commission (CPUC), 2017 [13]:
“The Commission broadly defines demand response as reduc-
tions, increases, or shifts in electricity consumption by cus-
tomers in response to either economic signals or reliability
signals. Economic signals come in the form of electricity prices
or financial incentives, whereas reliability signals appear as
alerts when the electric grid is under stress and vulnerable to
high prices. Demand response programs aim to respond to these
signals and maximize ratepayer benefit.”

European Union (EU) Directive 944, 2019 [14]: “Demand
response means the change of electricity load by final customers
from their normal or current consumption patterns in response to
market signals, including in response to time-variable electricity
prices or incentive payments, or in response to the acceptance
of the final customer’s bid to sell demand reduction or increase
at a price in an organised market..., whether alone or through
aggregation.”

U.K. Office of Gas and Electricity Markets (OFGEM),
2021, [15]: “Smart meters, technologies, tariffs and services
will enable consumers to change their consumption patterns to
match times of cheap and abundant low carbon electricity, give
consumers greater control over their energy use and comfort
levels and save money by helping to balance the energy system.
This is known as demand side response (DSR).”
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Belgium Federal Public Service - Justice, 2022 [16]: (En-
glish translation of Dutch definition) “A general or integrated
approach geared towards affecting the magnitude and timing of
the use of electricity to reduce the primary energy use and peak
loads by prioritizing investments in energy efficiency promoting
measures or other measures, such as interruptible supply con-
tract, rather than investments to increase production capacity, if
the former measures are the most effective and economic option,
considering the positive environmental effects of lower energy
use and the related aspects of security of supply and distribution
costs.”

International Energy Agency (IEA), 2024 [8]: “Demand re-
sponse refers to balancing the demand on power grids by en-
couraging customers to shift electricity demand to times when
electricity is more plentiful or other demand is lower, typically
through prices or monetary incentives. Along with smart grids
and energy storage, demand response is an important source of
flexibility for managing the impact of variable renewables and
growing electricity demand on the stability and reliability of
electricity grids.”

National Grid Electricity System Operator (ESO) for Great
Britain U.K., 2024 [17]: “Demand Side Response simply in-
volves businesses increasing, decreasing, or shifting their elec-
tricity use — in response to a signal — to help balance Britain’s
electricity system. In return they receive strong financial in-
centives, lower their bills, reduce their carbon footprint and
play an important role in the transition to a low carbon energy
system.”

National Grid USA, 2024 [18]: “Demand response is when
participating customers reduce their electricity usage to help
lower the demand for electricity at critical times — during peak
periods when energy use is at its highest. The programs help
reduce peak-day generator emissions, delay installation of costly
utility equipment, and can help reduce the purchase of expen-
sive peak-day energy. Participating customers are eligible for
incentives.”

Australian Energy Market Commission (AEMC), 2024 [19]:
“Demand side response (DSR) is an active, short-term reduction
in electricity demand by consumers who decide to respond to
price signals throughout the day by shifting their electricity use
to another period, or to use another type of generation, or to
simply not use electricity at specific times.”

Australian Renewable Energy Agency (ARENA), 2024 [20]:
“Demand response (DR) is the voluntary reduction or shift of
electricity use by customers, which can help to keep a power grid
stable by balancing its supply and demand of electricity. It can
help to make electricity systems flexible and reliable, which is
beneficial if they contain increasing shares of variable renewable
energy.”

Australian Energy Market Operator (AEMO), 2024 [21]:
“Demand response refers to the ability for DER and appli-
ances (including ‘smart’ pool pumps, electric hot water storage
heaters, air conditioners, batteries and electric vehicle supply
equipment) to respond to remote communications that increase
or decrease the amount of load on the power system.”

Independent Electricity System Operator (IESO) Ontario,
Canada, 2024 [22]: “With demand response, customers reduce

(or eliminate) their energy use during times when the electricity
system is experiencing high demand.”

New York Independent System Operator (NYISO) USA (NY-
1S0O), 2024 [23]: “Demand Response (DR) is the act of reduc-
ing energy consumption from the grid at the direction of the
NYISO.”

PJM Interconnection USA, 2024 [24]: “Demand Response
is a voluntary PJM program that compensates end-use (retail)
customers for reducing their electricity use (load), when re-
quested by PJM, during periods of high power prices or when
the reliability of the grid is threatened.”
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