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Abstract—Recent years have seen the interest in demand
response increase, in academia and in industry, for both large
scale demands and aggregated domestic demands. A number
of power systems have established demand response programs
in energy, ancillary services and capacity markets, while many
are currently undertaking system specific customizations. One
of the key reasons for the burgeoning interest in demand
response lies in its ability to enhance variable renewable
penetration levels, through the provision of flexibility,
wind/solar curtailment reduction and other system ancillary
services. This paper will review and evaluate various demand
response studies, projects and programs from different
countries, examining the synergies with renewables
integration, also identify some of the main barriers which exist
to the deployment of such demand response at greater scale.
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I. INTRODUCTION

Recent years have seen the interest in demand response
(DR) increase. The Federal Electric Regulatory
Commission definition of demand response is the change in
electrical energy usage by demand-side resources from their
normal consumption patterns in response to changes in the
price of electricity over time or to incentive payments [1].
DR is thus now much broader than traditional emergency
load shedding resources as it is in a position to provide a
range of system services over varying time frames, and it is
also possible to elicit an increase in consumption as well as
a reduction. While there is experience with DR programs
targeted at large industrial energy users [2], there is also
now  more  of  an  interest  in  extending  DR  to  all  sectors,
including the residential sector [3]. Rapid advances and cost
reductions in the area of telecommunications and control
systems have facilitated greater controllability of demand-
side resources. As a result of these advances, DR is being
developed and deployed on a more continuous basis, across
multiple time frames and multiple energy/ancillary-service
markets. Many power systems have established DR
integration programs, while others are in the process of
designing programs appropriate to their system. The
interest in DR is evident from the vast amount of work that
has been published in recent years [4-8].

One  of  the  reasons  for  the  burgeoning  interest  in  DR
lies in its scope for interaction with wind and solar. The
inclusion of wind and solar in the generation portfolio can
present a number of issues for system operators. Variable
generation can increase price volatility and increased
penetrations of renewables can lead to a greater
requirement for ancillary services [9]. DR is in a position to
facilitate the integration of renewable generation [6], [10]
by reducing the impacts related to variability and
uncertainty. DR has the potential to shift system demand to
more favourable periods and thus can assist with
renewables curtailment reduction and provision of many of
the ancillary services which are required.

This paper reviews and evaluates various studies,
projects, and existing demand response programs, though of
course it is by no means an exhaustive list. We begin with a
discussion of the interaction between wind and solar
generation and demand response. Part III summarizes DR
demonstration projects in the United States and Europe and
Part IV considers known barriers to demand response
adoption and implementation.  There is limited information
in the literature regarding synergies between solar
generation and DR, though where possible extensions are
made in this paper from DR and wind experiences.

II. WIND/SOLAR AND DEMAND RESPONSE INTERACTION

The authors in [6], [11] discuss how price responsive
load could significantly aid in the integration of variable
generation sources like wind and solar if suitable
institutional frameworks can be developed. The authors in
[12] state that despite wind being emission free, its overall
impact on power system emissions is dependent upon how
the variability and uncertainty associated with wind is
accommodated. Using DR in conjunction with wind, on the
other hand, has a positive net emission benefit, greater than
implementing wind alone [12]. Similarly, it is demonstrated
that wind generation and demand response through real-
time pricing together result in ‘superadditive (social)
surplus gains’ in [13].

While curtailment reduction is a frequently mentioned
benefit of DR, in reality there are many other possible
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interactions between variable renewable generation and
DR. It is well-poised to assist some of the issues created by
renewable generation by providing benefits in key areas:

1. Energy arbitrage
2. Provision of ancillary services
3. Contribution to generation adequacy and

deferral of investment in networks
4. Overall system cost reduction

A. Energy Arbitrage

Energy  arbitrage  can  be  simply  defined  as  the  act  of
shifting energy consumption from periods with high
electricity prices to hours when the price is lower,
analogous to storage [14]. The authors in [15] demonstrate
that price-based DR can prompt energy arbitrage and thus
can be effective in filling demand valleys. It can be seen
that energy arbitrage, with and without high renewable
penetration, can have considerable benefits for the power
system [16],[17].

DR  can  also  be  used  to  reduce  solar  and  wind
curtailments by selectively increasing load at times when
the marginal price is zero or negative. In the United States,
future scenarios of high distributed PV penetration will
result in over-generation situations. The authors in [15]
show that incorporating price-based DR can reduce wind
curtailment to zero, when demand has an own price
elasticity of -0.1. In [18] it is demonstrated that DR can not
only increase the fraction of load which is met by wind
generation, but can also increase the percentage of wind
that is used in real-time. Effectively, DR allows the
integration of greater amounts of wind.

According to [19] a large fraction of solar PV occurs
when the system electricity demand is low. At such times,
large baseload units are operating close to their technical
minimum output which results in curtailment of solar PV
and increased system costs [19]. In [20] it is demonstrated
that while there is better coincidence between solar
insolation and system demand in the summer, there is much
less coincidence between the two at other times of the year.

B. Provision of Ancillary Services

DR can supply ancillary services including regulation,
ramping/following, and contingency reserves. [6],[4]. This
helps  in  two  ways.  First,  it  is  a  direct  supply  for  the
additional flexibility which wind and solar impose on the
power system. Second, it is replacement for the flexibility
that can be lost when wind and solar displace conventional
generation that is also supplying reserves. The authors in
[21] examine whether DR can provide a potential solution
to the volatility and uncertainty of wind resources. They
show, using a stochastic unit commitment program that the
combination of wind generation and DR can result in less
frequent commitment of the most expensive generating
units. When wind generation is combined with DR there is
a reduction in reliability costs compared to the wind-only
case and a decrease in overall system costs compared to the
case without wind or DR [21].

Variable generation also will increase the needs and use
of primary/secondary and regulation reserves. Some forms
of DR can be a cost effective source of such reserves - DR
can be extremely fast and in principle help the system to
maintain frequency stability during events with little

synchronous generation online [22], [23]. According to
[24], DR can be used to mitigate generation intermittency
provided that the consumer/end-user is not discomforted.
Integrated grid/demand-side optimisation models may be
key in this respect [25], [26].

In [27] it is suggested that DR may be able to assist with
the evening ramp-down in solar production in California.
They highlight that, in California, when the system demand
is high, the availability of the DR resource (A/C loads) is
also high. It is also shown that the peak in the DR resource
availability occurs very close to the time when solar output
is falling rapidly. The authors in [28] demonstrate the
effects of the response by millions of household
refrigerators and freezers to frequency signals. These are
able to keep the system frequency stable with the effect
especially pronounced with higher shares of wind
generation.

C. Contribution to Generation/Network Adequacy

A significant benefit of DR lies in its ability to provide
capacity  to  the  power  system  and  to  thereby  avoid
expansion planning costs [29], [10]. The work in [8]
[Huang] demonstrates that DR can contribute to system
adequacy. In addition, system reliability performance
becomes less variable from year to year with the inclusion
of load-shifting programs. Furthermore, given the long lead
times associated with new generating plants [21],  DR may
prove  to  be  a  better  option  for  dealing  with  diminishing
generation margins as a result of load growth and
decommissioning of old units.

The authors in [31] assess the impact of DR on
distribution system reliability and show that, in general,
responsive demand can have a positive impact. They do so
by distinguishing between DR base load reduction and
emergency load interruptions and by noting that in many
cases, DR load reduction is preceded by a warning or
notification. The improvement in reliability from DR is the
result of two aspects; one, the ability to shed/shift a portion
of the load and two, DR can be used post-fault to ‘increase
the restoration capacity and reduce the load interruption
duration’.

Distributed generation (DG) can be connected to
medium voltage (MW) or low voltage (LV) networks and
can create a number of challenges. DR may also be in a
position to alleviate some of the associated issues and thus
defer necessary upgrades. Distributed generation can
significantly alter the demand patterns by locally supplying
the load. This becomes particularly important in the case of
uncontrolled LV DG, of which the TSO has little visibility.
Generally a large penetration of uncontrolled DG on the
system will increase the variability and uncertainty in
demand forecasts at transmission systems [32].

D. Overall System Cost and Price Volatility Reduction
The authors in [7] show that DR could potentially reduce
system costs by shifting demand away from peak periods.
As a result, expensive peaking plants could be displaced,
lowering system costs. Their results show that on days with
exceptionally high wind energy production during low
demand periods, demand-side measures achieved up to
30% cost savings and added enough flexibility to the
system to avoid the spillage of wind energy. They also
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conclude that on high wind days, the demand behaves more
flexibly.

Similarly,  it  has  also  been  suggested  that  DR  has  the
potential to increase system operation efficiency in [33],
which also shows that utilizing DR potential in conjunction
with improved wind power predictions reduces the
additional balancing costs imposed by wind. The costs of
balancing wind variability can be reduced by 20% if
consumers engage in load management according to [33].
In [34] the balancing costs for wind power in a system with
or without electric vehicles are calculated. The balancing
costs of wind power without electric vehicles were 2.3
€/MWh. The balancing costs of wind power increased by
0.4 €/MWh when half of the vehicle fleet was passively
charging electric vehicles. Smart charging electric vehicles
decreased wind power balancing costs by 0.7 €/MWh. The
analysis included both generation planning models and a
unit-commitment/dispatch model.

The  work  of  [11]  show  that  some  DR  resources  can
limit the number of price spikes even at modest levels of
2%-6% of total system load. The authors of [18] similarly
show that even at low elasticities of demand, RTP can
increase  the  percentage  of  load  served  by  wind  generation
and can reduce the level of wind curtailment. It should be
noted that in some systems large-scale variable generation
is not typically available during those hours. However, DR
and renewables synergy is still important since DR reduces
the need for peaking generation and variable generation
often makes the system more ‘peakier’. DR can also
increase the load during times of excess generation,
reducing curtailment, improving renewable generation
economics and improving power system operability. The
authors in [15] conclude by modelling wind stochastically
that when consumers are in a position to adjust their
demand, different wind forecast error scenarios can be
better dealt with. Often, small amounts of DR are sufficient
to see a benefit [15].

The authors in [35] compare different forms of power
system flexibility from the perspective of wind power
integration with a unit commitment and dispatch model. DR
with 80-150 €/MWh cost provides only small system
savings and is not comparable to many other forms of
flexibility analysed in the article. However, the work did
not take into account the generation adequacy contribution
that DR can enable. The authors in [34] demonstrate how
the availability of shiftable demand in the form of plug-in
electric vehicles can increase the penetration of generation
sources that are not normally controlled with dispatch (e.g.
wind power and nuclear). The authors in [36] present a case
using the IEEE standard 30-bus test system. Two wind
farms are connected to the system and the effects of multi-
tariff rates and DR are investigated. DR is assumed to
respond to variations in wind power output. DR appears to
offer significant savings in the system operation and
increase the value of wind. In [37] the DR potential and
cost in several European countries, both for residential and
industrial  sectors,  are  reported.  It  was  found  that  the
importance of different sectors varies between countries.

There are many potential loads that can engage in DR.
Indeed, the authors in [34] demonstrate the possibilities of
DR from electric boilers connected to district heating
network. While in [27] the use of A/C loads is advocated,
the authors in [19] suggest that electric hot water heaters in

commercial and residential buildings may be well suited for
responding to real-time pricing and solar generation
variations. Water pumping is also identified as a potential
demand-side resource for load-shifting that can be applied
to solar generation.

The authors in [38] analyse the technical and economic
potential of DR from energy-intensive industries in
Germany. Variable costs from these resources are high,
which means that they cannot be used very often for energy
balancing. However, they can supplant a considerable
amount of investment in peak generation capacity, which
will reduce the integration costs of variable generation. In
[39] it is noted that despite the significant and numerous
benefits of DR (see previous section), European DR is
limited to large energy users, e.g. industrial users. The
author in [39] shows that presently small variations between
peak and off peak prices implies the potential for
widespread/broad implementation of a DR or load-shifting
mechanism may be restricted to significant loads. It is also
mentioned that load shifting in households can result in
relatively low energy cost savings, which could limit the
widespread deployment of residential DR in Europe.

The author in [33] has evaluated that the DR potential in
Germany could be more than 30 GW, although a major
portion (20 GW) would not be available outside the heating
season. German peak load is approximately 80 GW. When
analysing 48 GW of wind power in 2020 with a simple
model, the wind power balancing costs were estimated to be
about  1  €/MWh  lower  with  DR,  which  was  translated  to
allow 10–20 €/kW/year activation cost for DR. The authors
in [40] have analysed how domestic hot water heating
cylinders could offer DR for price changes anticipated in the
electricity market. This was inspected in relation to the
anticipated significant wind power penetration in Ireland.
The synergies between heat-pump related DR and wind
power integration in Germany were considered [41]. In [42]
the use of hydrogen electrolysers to create flexible demand
is suggested. They use an example of an isolated system for
which the aim is to smooth the output from wind so that a
thermal power plant can operate almost continually.

DR possibilities in the household sector were analysed in
[43]. It is argued that thermal storage offers more cost
effective potential for wind power integration than electrical
storage. The analysis concentrates on ventilation systems,
refrigeration and water heating. Olsen et al. [44] quantified
the potential for commercial buildings, residential buildings,
municipal processes, and several industrial processes to
provide multiple grid DR services, including capacity,
energy, and ancillary services. Hummon et al. [45]
implemented the DR potential profiles from [44] in a unit
commitment and economic dispatch model in order to
quantify the value of offering DR as a resource to the system
operator. The DR capacity for energy and ancillary services
was co-optimized in the day-ahead model and 100% of the
energy from DR was returned to the system as shifted load.
The results demonstrate that significant variations in the
availabilities of different types of DR resources affect both
the  operational  savings  as  well  as  the  revenue for  each  DR
resource.
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III. DEMAND RESPONSE DEMONSTRATION PROJECTS AND
EXISTING PROGRAMS

This section examines demonstration projects and
existing programs, including some of the lessons learned
and a comparison of programs across the different systems.

A. Demonstration Projects and Existing Programs

1) United States of America

It is argued in [39] that there is greater load shifting and DR
potential in the US because of the high electric heating,
cooling loads and air-conditioning loads. This is in
comparison to Europe, where electrical load levels are
typically lower than those in the US, and where fossil based
space heating systems are common in many residential
buildings. There has been a move in recent years within
state legislatures of the United States to require utilities to
explore DR options for meeting system demand growth as
oppose to investing in the construction of new generating
units [11].

The revenue streams for DR in the US are considerable.
For example, in PJM in 2013 the total revenue for DR
resources from the capacity market were over $90 million.
According to [46], more than 90% of DR revenue in PJM is
derived from the capacity market, highlighting the
importance of capacity markets for DR participants. The
authors in [47] note that DR is in an excellent position to
earn revenue from providing capacity, since the resource
would simply be paid for being available to respond, but
may not actually be required to do so. An excerpt from a
PJM report [48] states that “Economic DR resources
provided between 228 MW (average LMP = $68 MWh) and
305 MW (average LMP = $125 MWh) on each of the three
non-emergency summer 2012 PJM peak days. This is much
higher than during 2011 summer which ranged from 3 MW
(average LMP = $89 MWh) to 62 MW (average LMP =
$186 MWh) but comparable with 2010 summer which was
between 175 MW (average LMP = $114 MWh) and 337
MW (average LMP = $131 MWh). The majority (86
percent) of all Economic DR activity in the energy market
from April through October 2012 came from a small number
of very large customers (>10 MW). Further 82 percent of all
activity during this same period came from customers
located in Eastern portion of PJM (MAAC and Dominion)”

Empirical results from on-going DR programs in the
U.S. suggest levels of 3–9% of potential reduction in peak
demand [49]. This includes industrial DR as well as
household DR. While these results cannot be directly
applied to the residual demand variations with large-scale
wind power, it is apparent that DR offers considerable
potential for increased flexibility. The GridWise project in
the Pacific Northwest of America is an excellent example of
a DR demonstration project, where the aim was to
demonstrate the coordination of multiple demand-side
resources to manage a constrained feeder on the distribution
system [50]. It was found that the peak loads on the feeder
could be effectively reduced and there was minimal
disruption to the consumers involved.

The work in [51] examines the ability of hotel space
conditioning load to provide power system contingency
response. This involved testing an air-conditioning/heating
control technology on the Music Road Hotel in Tennessee,
allowing the hotel to provide power system spinning

reserve. The testing showed that the hotel load could be
temporarily curtailed by 22% to 37% [51] in response to
signals from TVA (the electric utility in Tennessee). The
response time was reported as faster than conventional
generators.

The authors in [52] discuss industrial load’s provision of
frequency regulation to MISO since it opened its ancillary
service market. ERCOT obtains half of its spinning reserve
requirement from DR and has for years [53].  VCharge is a
small DR aggregator of frequency regulation services [46].
VCharge has aggregated 250 electric thermal storage
heaters, both ceramic and hydronic, in 50 houses in
Pennsylvania. VCharge operates this collection of devices
commercially as a “Virtual Power Plant” that buys energy
during cheap hours and provides ancillary services to the
grid operator [46]. VCharge [54] has retrofitted existing
electric thermal storage heaters with specially designed
controls and installed new electric thermal storage heaters
for customers on the electric thermal storage tariff or night
tariff and is in a position to supply up to 600 kW of
balancing services to PJM.

Steffes Corporation design and manufacture electric
water heaters and electric thermal storage units. Such
electric water heaters demonstrate low-cost water heating
using day-ahead locational marginal pricing while
responding to the PJM frequency regulation signal [55].
Grid–Interactive Electric Thermal Storage (GETS)
dynamically couples consumer usage to real-time grid needs
[56]. The Steffes product is also used in a Bonneville Power
Association project. For this project, Ecofys and its partners
identified and applied responsive thermal end-use
technologies that provide DR peak reduction and load
shaping, as well as novel balancing services that assist with
the integration of variable renewable energy sources such as
wind [57].

2) Europe

The Danish system has a high penetration of wind
generation. It relies on combined heat and power thermal
generators to meet heating requirements [13].
Consequently, many thermal plants are kept online, on very
cold windy nights, in order to serve heating needs, even
when wind generation could meet a large portion of the
demand. As a result, in such situations, wind curtailment is
essential. The EcoGrid project [58] is currently running
field tests in the island of Bornholm in Denmark. The
project includes 1200 households on two different
automated response groups, 500 household in manual
response group and 200 households in the control group.
The project will test a real-time market where balancing
market is replaced with a calculated price updated every 5-
minutes. Generators and consumers are then let to react to
the price.

A collaboration between Glen Dimplex, Scottish and
Southern Energy, Intel, Eirgrid, ESB Networks and
University College Dublin is presently investigating the
potential for DR of smart electric thermal storage loads
(space and water heating applications) to provide wind
integration related flexibility in Ireland/Northern-Ireland
[59] and on the Shetland Islands [60].

‘Demand for Wind’ is a UK-based research and
development project. The concept is to create a demand for
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wind power by turning on loads when there is a surplus of
wind generation [61]. The aim is to assess the ability of
DSM to tackle the issue of variability in wind power
generation, on both the large scale and the small scale. The
project aims, among others, to develop DR/DSM control,
monitoring and communication technologies, to replace
fossil fuel based water and space heating with electricity
from renewables and to develop simulations to assess the
market uptake of DSM technology.

IV. DEMAND RESPONSE BARRIERS AND CHALLENGES

The barriers and challenges to widespread DR have
been well-documented, for example in [1-4]. The vast
majority  of  independent  system  operators  in  the  US  now
facilitate DR/DSM in energy markets, ancillary service
markets and capacity markets. In Europe, however,
progress has been slower.

Selection of appropriate measurement baselines and
verification of the chosen baseline using historical data can
be a challenge. Coupled with this are the challenges that
DR itself can create, including potential market price
suppression (particularly in the reserve/ancillary services
markets) and a reduction of capacity factors for peaking
plants due to their displacement by DR resources. It is not
always possible for DR to simultaneously participate in all
markets and exploit all revenue sources. DR is often
deployed on a small scale and many revenue sources have
minimum size limits. Aggregation would help, but it has
been difficult to get actual aggregators to operate in many
markets, although there are some examples, mainly in US
(e.g. EnerNOC and Comverge).

Anticipating average reduction in loads during peak
demand periods can be a challenge. The authors in [5]
surveyed 15 DR experiments in which household electricity
customers received some form of compensation for
reducing demand (including time-of-use pricing and
critical-peak pricing). It was found that time-of-use pricing
resulted in modest reductions of 3–6% while critical-peak
pricing had a much higher reduction effect of 13–20%.
Enabling technologies, such as programmable,
communicating thermostats and always-on gateway
systems that controlled multiple end-uses remotely,
increased the reductions considerably for both
compensation schemes. Such technologies succeeded in
raising the reduction to 21–36% and 27–44%, for time-of-
use pricing and critical-peak pricing, respectively.

One particular challenge with household level DR is
how to evaluate the actual response. In [6] it is pointed out
that aggregating DR from households will include
significant uncertainties in terms of actual delivery. These
have to be understood and addressed. The measurement
sampling rate should match or surpass the market resolution,
but most smart meters installed in households so far have a
coarse resolution. These meters could access hourly or 10-
15 minute markets, but participation in faster timeframe
reserves (i.e. timeframes of seconds) would require
estimation of response. This is not easy for TSO’s to accept,
since reliability is critical for power system reserves. If all
markets are not accessible, it gets more difficult for DR to
overcome the initial investment required.

DR activation at transmission level for overall power
system balancing requirements must be co-ordinated with

HV/MV and LV network power quality concerns – a severe
reduction in load demand could cause temporary voltage
fluctuations on a weak network [23].

DR is sometimes banned from providing services it is
technically capable of supplying. In Europe a few examples
of potentially unnecessary rules hindering the participation
of DR resources include:

• A 24/7 resource availability requirement for peak
consumption programs (Austria)

• A 16 hour load reduction duration requirement
(Slovenia)

• Lack of regulation or applicability of load reduction
measurements (Most markets)

• Minimal single bid requirements ranging from 4
MW in Ireland to 25 MW or even 50 MW (France)

• Lack of appropriate base load measurement
requirements (Great Britain and others)

• Lack of clear payment and contract structures for
demand reductions (Most markets)

• Demand side resources barred from existing
capacity markets (Poland, Greece)

• The aggregation of Commercial/Industrial loads is
not allowed (Italy)
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