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Demand response is increasing in popularity and many utilities are developing demand response pro-
grams. However, there exists many challenges to the deployment of demand response. One of the main
barriers to widespread rollout is the uncertainty surrounding the value of demand response. In this
regard, there is a real and pressing need to evaluate demand response if its full potential is to be realized.
This paper presents a comprehensive review of the literature and identifies some of the key barriers to
the deployment and the challenges to the evaluation of demand response and provides some recommen-
dations on evaluation methodologies.
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1. Introduction

Demand response (DR) is often described as the changes in elec-
trical energy usage by end-use customers from their normal con-
sumption patterns in response to changes in the price of
electricity over time, to incentive payments or to signals from
the system operator [1]. It is widely acknowledged that this is
not a new concept. Historically, demand shedding was used for
emergency contingency response and, in more recent times, DR
programs have been targeted at large industrial energy users [2].
However, there has been much interest recently in more continu-
ous DR, that is, DR on a continuous time-frame, and DR across all
sectors. The reason for this burgeoning interest relates to the
potential for DR to assist in integrating variable generation [3],
the fact that it could be a more cost-effective means to meet occa-
sional peaks in electricity than peaking plants [4] and could thus,
potentially, reduce system costs [5] and harmful power plant emis-
sions at times of peak demand [6]. Furthermore, in parallel to
developments in variable renewable generation penetration, there
have been rapid advances and cost reductions in the area of
telecommunications, control systems and computation, which
has resulted in greater controllability and flexibility of demand-
side resources. Additionally, regulatory changes and electricity
market reform have played a major part in allowing DR to become
a more viable resource [6].

There has been significant and beneficial work in the area of
DR in recent years, highlighting the potential benefits of DR
[1,7]. Studies have shown that using DR to facilitate the integra-
tion of variable renewable generation is technically feasible
[3,7], but there are barriers that limit the use of demand side
strategies for integrating wind and solar, some of which are
identified in [8]. The work in [9] develops models of DR on
the Irish power system and demonstrates that DR can contribute
to overall system adequacy and can displace some conventional
generation.

There has also been much work reported in the literature focus-
ing heavily on detailed modeling of individual buildings and
demand control systems, as well as in the telecommunications
and equipment required to implement DR [10–13]. There has,
however, been less work in the evaluation of DR from a power sys-
tem perspective.

Despite significant advances in power system analysis in recent
times, many traditional power system models have neglected to
incorporate DR. There is now a need for these models to be
enhanced in order to better account for the unique characteristics
of the demand side [14]. Additionally, there is a requirement to
develop tools which are appropriate for quantifying the impacts
of DR resources on market performance, generator dispatch and
other system effects [15].

Despite the many barriers associated with DR deployment,
some of which are documented and explored in this paper, it is
apparent from the literature that there is considerable interest in
DR because of its potential to provide significant value to the
power system. There is evidence that DR could deliver some sys-
tem services more reliably than conventional generation [16].
Thus, if DR proves to be the neat and sophisticated solution it is
claimed to be, failure to exploit the resource is clearly suboptimal.
On the other hand, if the potential value of DR is over estimated,
considerable resources could be invested in order to exploit a ser-
vice which ultimately cannot be realized effectively. There is evi-
dently a pressing need to quantify the potential system and
market value of DR. Indeed, it has been suggested that the limited
DR capability at present in the US [1] is set to rise if it is shown that
the ‘‘flexibility it offers is valuable and properly valued’’ [17].
Evaluation of the DR resource is clearly a vital step in its large scale
deployment and could increase understanding of the impacts of DR
on the system and markets.

DR can potentially enter into the energy, capacity and ancillary
services markets and avail of multiple revenue streams. DR is cap-
able of participating in the energy market by providing services
such as peak shaving and load shifting. Such services could help
to reduce system demand at times of typically high prices, poten-
tially reducing output from expensive peaking plants and thereby
lowering system costs. A study reported in [18] found that the ben-
efits of DR also lie in the realm of avoided capacity costs, thus DR
could be a prominent player in the capacity market. The literature
has also shown that one of the benefits of DR lies in its ability to
assist with facilitation of variable renewables through reserve pro-
vision [7]. It has been illustrated that in some cases demand can
provide some responses which are greater than the responses gar-
nered from generators [16,19]. This illustrates the potential for DR
to operate in ancillary services markets. Indeed, it is indicated in
[20] that an understanding of the value of DR gives an indication
of the potential or opportunities that exist within particular ancil-
lary services markets.

An understanding of the value of DR should also inform which
sectors DR is most suited to operating in. The authors in [21] advo-
cate focusing DR activities on specific large consumers, consumers
who are capable of responding appropriately to real-time prices.
This is, in effect, exploiting the easiest resources first. Similarly,
the work in [22] demonstrates that most of the total benefit of
exposing all sectors to real-time pricing (RTP) can be achieved by
implementing DR through RTP in the industrial and commercial
sectors only. The work in [22] is based on one specific power sys-
tem and consequently, it is important to be aware that the results
are likely to be quite system specific. Nevertheless, further
research may show that there is no major benefit or value in
extending DR to the residential sector.

To-date there has been minimal work on evaluating DR from a
system level. As a result, considerable uncertainty exists regarding
how DR is going to be deployed and the potential revenue for those
engaging in DR programs. This consequently impedes the evalua-
tion process of the resource. Similarly, the lack of understanding
and knowledge relating to the value of DR imposes a barrier on
widespread deployment. This results in a ‘Chicken and Egg’ type
dilemma; DR will be deployed if it is valuable to do so, but an
understanding of the methods of deployment and operation of
DR is necessary before evaluation studies can produce meaningful
results.

This paper aims to identify the barriers and uncertainty that
exist for widespread DR deployment and to then show how these
barriers could impact upon the analysis of the value of the DR
resource. Section 2 explores opportunities that exist for DR to par-
ticipate in electricity markets and some associated barriers.
Section 3 then discusses the barriers to deployment associated
with the demand-side of the power system as a result of the uncer-
tainty surrounding consumer behavior and due to the requirement
for a greater flow of data and information. Section 4 examines
potential methodologies for determining the value of DR resources
to the power system and discusses how the uncertainty and barri-
ers in DR deployment can impact upon the methodologies.
Section 5 ties together many of the elements discussed in the paper
and also identifies issues for synthesis and dissemination of evalu-
ation analysis results. Section 6 concludes the paper.
2. Demand response opportunities and barriers

DR represents a paradigm shift in how we view electricity mar-
kets since electrical load can now appear on both sides of the
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supply–demand equation. As previously mentioned, an apprecia-
tion of the impact of DR implementation on electricity markets
would be vital for determination of its value and could indicate
which markets would benefit most from DR participation. The fol-
lowing subsections explore the different services DR can provide
and look at some of the barriers associated with deploying DR
programs.

2.1. Energy services

DR is capable of participating in the energy market, by offering
services such as peak shaving, load shifting and energy arbitrage.1

Peak shaving and load shifting programs can assist in reducing the
need for expensive peaking units and in flattening the load profile,
by reducing demand at times of high prices and, in the case of load
shifting, by increasing load at times of lower electricity market
prices. Such DR programs are usually triggered in response to a price
signal from the energy market. Many of the price-based DR pro-
grams, such as RTP programs, time of use programs and critical peak
price programs are predicated on the exposure of customers to time-
varying energy market prices.

RTP allows demand to respond to fluctuations in the price of
electricity [25] and exposing customers to real-time energy market
prices can mitigate high price spikes. It is shown that RTP is more
economically efficient in the short-run than offering customers a
flat tariff [26,27]. RTP is just one of many proposed means for
deploying DR programs.2 Interestingly, many ‘‘energy market
meltdowns’’ in recent years can be attributed to a lack of price-
responsive load [31] and could have been alleviated by DR programs.
Additionally, the work in [32] shows that the more price-responsive
demand that is available the more competitive the long-term elec-
tricity market and the more reliable the system becomes.

There is clearly a benefit in deploying DR programs such as RTP.
However, such programs will only be implemented if they are pro-
ven to be worthwhile, but in order to assess whether or not it is
valuable to society and to the power system requires data and
experience from real-life DR programs. Without certainty that it
is valuable, the required investment will not be available to imple-
ment such programs.

2.2. Capacity

As well as providing energy services, the demand-side is also in
a position to provide capacity. The purpose of capacity markets is
to ensure that there is an incentive for investors to ‘‘build adequate
capacity in line with consumer preferences for reliability’’ [33] and to
ensure that there is enough generating capacity in the long-term.
As already alluded to, DR can provide capacity and thus receive
capacity payments or operate in capacity markets and ultimately
contribute to generation adequacy. This could help to alleviate
the need for considerable investment in conventional generation.
In [34] it is indicated that DR is ideally suited to participation in
capacity markets, because the DR resource would be paid for sim-
ply being available to reduce load or provide capacity but may not
actually be required to provide a response. Indeed, according to
[35], in PJM, over 90% of the revenue earned by DR is from the
capacity market, highlighting the importance of the capacity mar-
ket for attracting DR investors. However, it is important to note
that the magnitudes of potential capacity payments are largely
dependent on the requirements for capacity.
1 For more detail regarding such DR services see [23,24].
2 For a more in-depth discussion of other DR programs, the reader is directed to

[28,29] to a workshop report drafted by the US Department of Energy [24]. For a more
detailed discussion and comparison on the welfare impacts of flat tariffs and different
off-peak and peak prices, the reader is directed to [26] and to the highly influential
work by Fred C. Schweppe in 1988 [30].
One of the difficulties with trying to generalize a discussion on
capacity services is that there is a large difference in capacity pro-
curement mechanisms. Some systems simply do not have capacity
markets (or payments) and in these situations the method of
procuring capacity is entirely through the energy market. In such
cases, regulators need to ensure that average electricity prices
are sufficiently high in order for generators to recover their costs
[36]. In systems where there are capacity procurement mecha-
nisms, there is considerable on-going debate as to their effective-
ness and there is significant uncertainty regarding the future of
capacity markets. This presents a challenge for DR investors as they
cannot rely upon sure and certain revenue from capacity mecha-
nisms in the coming years.

Considerable differences also exist in ancillary service markets
and definitions, presenting further problems for DR deployment.

2.3. Ancillary services

Ancillary services (AS) are services which the system operator
employs over various time frames to maintain the supply–demand
balance on a continuous basis [37]. The increasing penetration of
variable and uncertain renewable generation has led to a greater
need for AS and flexibility products [38] and certain types of DR
are well-placed to provide some of these services [39,40].
Coupled with this is the fact that AS are, in general, difficult to pro-
vide and thus the prices paid for AS provision can be considerable.
In particular, it has been illustrated that a number of DR resources
can offer spinning reserve and regulation services and thus they
could earn considerable revenue.

Some systems, the New York Independent System Operator
(NYISO) and PJM for example, permit participation of DR resources
in their AS markets [8], however, it is noted in [41] that, in the US,
DR resources are minor players in AS markets in most jurisdictions.
One of the barriers is that there are many market rules for AS pro-
vision and the varying AS rules and requirements can limit the
‘possible scale of DR deployment’ [19]. In [41] it is suggested that
the barriers associated with ‘bulk power system service definitions’
should be the first barriers to be dealt with in order for DR to even
be in a position to provide bulk system services.

The problem is that definitions of AS have typically been built
up heuristically and, traditionally, conventional generating plants
were the sole providers of these services. Such definitions, when
‘hard-wired’ into the market design, could be considered to be dis-
criminatory [42] and may preclude DR programs from participat-
ing. For example, in the California ISO (CAISO), a resource that is
providing an AS must be capable of maintaining its capacity for a
specified period of time, otherwise it will not be certified, and thus
cannot bid into the AS markets [20], potentially excluding DR. A
similar rule exists in MISO. Other market rules such as those gov-
erning minimum resource size [41] and those pertaining to control
and telemetry [20] can hinder DR resources from participating.
Additionally, rules requiring resources providing regulation to
have the same capacity to move in both directions impedes many
DR resources from participating, as DR resources typically favor
movement in one direction over the other [41].

There may be scope for adaptation or relaxation of AS rules in
certain cases. Indeed, according to [41], some systems have
recently amended rules governing minimum size of resource. A
revision of AS definitions and market rules to accommodate the
physical capabilities of resources, generating and demand-side
alike, is highly recommended. This could allow for greater partici-
pation in DR programs and also permit better exploitation of the
available DR resources. It is recommended that focus is placed on
the physical characteristics and capabilities of DR when designing
DR programs. This recommendation concurs with [16], which
stresses that the physical power system reliability requirements
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are of greater importance than the market rules. Ultimately the
physical requirements should inform market design to best exploit
the capabilities of the available resources [16].

The stringent requirements for AS resources, may preclude DR
from participating in a potentially lucrative market and may there-
fore act as a disincentive for investment in DR technology. This
would impede the deployment and growth of DR in general. A
related issue is the fact that increasing the penetration of DR
resources can suppress AS market prices [19]. This effect is
observed for many resources, however, it is more pronounced in
the case of DR since it is a resource that has very low or no oppor-
tunity costs. This suppression of prices may cause prices to fall to a
level that is no longer attractive to investors. This price suppres-
sion, coupled with the stringent AS requirements discussed previ-
ously, would limit the amount of DR available for providing AS,
which in turn would restrict the amount of DR available to partic-
ipate in capacity and energy markets.

Additionally, as alluded to earlier, a similar effect is noticeable
in capacity markets —the magnitudes of potential capacity pay-
ments are largely dependent on the requirements for capacity.
While capacity payments may be enticing for DR participants, it
is inevitable that the higher the penetration of DR, the less capacity
required. Thus, the capacity payments will fall to a level that may
no longer be attractive for all DR resources, depriving other mar-
kets of valuable resources. Furthermore, DR can provide services
other than those discussed here, such as congestion management
or network investment deferral [7]. Therefore, lack of deployment
of DR in one market has a knock-on effect to other markets and to
other DR services. It is recommended that all revenue streams are
considered holistically as a result of this intrinsic interrelationship
between multiple DR services.

While AS definitions can pose considerable barriers to the
deployment of DR, the greater interaction of the demand-side with
the power system also presents its own issues. This is as a result of
the need for greater data collection and an increase in information
flow between the supply-side and the demand-side of the power
system, as well as the limitations on the DR resource as a result
of consumer behavior and preferences. These issues are explored
in the next section.
3. Behavioral and informational barriers

Underpinning the entire DR paradigm lies the consumer. The
authors in [2] express the view that the greater involvement of
consumers in ensuring maintenance of system reliability and unin-
terrupted electricity flows, a realm that was once solely occupied
by conventional generators, is one of the main advantages of DR.
If customers can understand the impact of their electricity con-
sumption has on their expenditure, they may be able to adapt their
behavior, helping to smooth load profiles and to reduce system
costs. However, it is contended here that this greater level of con-
sumer involvement also represents not only one of the greatest
barriers to deploying DR but also creates challenges for evaluating
DR.
3.1. Consumer behavior

There are numerous benefits associated with DR and many dif-
ferent ways to implement DR, but if the end user is in anyway
inconvenienced they may disengage and possibly withdraw from
the program or will demand higher payments or incentives [43].
The authors in [44] explore the motivations and barriers associated
with individual consumer decisions on whether to install micro-
generation in their home. They indicate that inconvenience can
be a dissuading factor in the uptake of micro-generation. While
micro-generation is a separate, but related issue, the work in [44]
does highlight an important point related to end-use consumers;
financial motivations are consistently more important than desires
to help improve the environment. The importance of financial
motivations is worth highlighting, especially considering there is
considerable uncertainty surrounding the potential revenue of
engaging in a DR program, as mentioned earlier.

In [26] a related financial issue is raised, namely the fact that
savings on customers’ electricity bills may not be sufficient enough
to warrant investment in equipment and to compensate for the
inconvenience of following electricity prices on a continuous basis,
when they may only be required to react on rare occasions. Of
course, this will be dependent upon the type of program being
implemented and the degree of customer participation required.
If financial issues are the key motivating factor in adoption of DR
programs and it is shown that consumers are not in a position to
either recoup their initial investment in DR technologies or make
savings on their future electricity bills, there will be minimal
engagement in DR. This is evidently a barrier to widespread adop-
tion of DR programs.

It was found in a study in [45] that despite receiving feedback
on energy consumption from in-home displays, the majority of
study participants continued with their everyday routines and
habits [45]. This is a perfect example of unanticipated or somewhat
irrational consumer behavior – an issue that needs to be consid-
ered in the evaluation of DR deployment. This study also highlights
that there is a need to foster greater DR awareness and under-
standing and to furnish consumers with sufficient information
regarding DR programs so that they can make well-informed
decisions.

In [43] it is explained that there are two objectives of demand
which is involved in a DR program: satisfy customer demand and
deliver a reliable resource to the power system when required.
These two objectives are usually in competition. This is because
the primary role of electricity is consumption by the end-user.
Consequently the length of time the load can offer a response
and the frequency of resource deployment is limited since
ultimately any program will be disruptive to the consumer. Thus,
utilities will be reluctant to dispatch the DR resource regularly
[34]. This is an important point to consider when analyzing the
value of the resource and is also connected to the physical charac-
teristics and nature of electricity loads and thus is an important
consideration when modeling DR resources.

The main challenge is to fully appreciate the limitations of the
DR resource as a result of end-user behavior and preferences and
to appropriately account for these in DR implementation. It is cru-
cial to represent these limitations in the evaluation analysis and to
understand the motivations consumers have for engaging in or
rejecting a DR program. It is important to be mindful of the effect
unanticipated consumer behavior can have on the DR characteris-
tics and to deal with it appropriately in the evaluation process.

3.2. Baselines

DR performance is typically computed as the difference in the
actual demand level and a baseline level so, effectively, consumers
are being paid for what they do not use [46]. The North American
Energy Standards Board’s definition of a demand baseline is an
estimate of the electricity that would have been consumed by a
customer in the absence of a demand response event [47]. The
key point to be taken from this definition is the use of the word ‘es-
timate’. It is naturally challenging to measure or calculate what
would have occurred and thus, fundamentally baselines are imper-
fect [48].

Consequently, there are concerns regarding DR baselines and
suggestions that the challenge of establishing a baseline for DR
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may be a serious impediment to the deployment of DR and to
methodologies for determining the true value of certain DR pro-
grams in the market. Indeed, the authors in [34] suggest that a
DR baseline could play an important role in determining the value
DR brings to the electrical system [48]. Thus inaccurate baselines
lead to inaccurate DR evaluation.

In [49] it is questioned whether baseline predictions are correct
and it is suggested that such calculations may not even be possible
for different types of end-use customers. It is understood that it is
possible to obtain a reasonable baseline for commercial and indus-
trial loads, where the loads can be directly controlled and closely
monitored. However, for smaller devices and for end-uses with
irregular or unpredictable power consumptions, establishing a
robust and accurate baseline can be more difficult. Ultimately,
when a load is dependent upon consumer behavior and where
the power consumption cannot be directly controlled, it is typically
more difficult to establish a baseline.

The implications of inaccurate baselines can be far reaching —
the performance of a particular program would not be accurately
ascertained and, for certain programs, baselines form the basis
for customer remuneration for their participation, which is evi-
dently a serious deployment issue. Without a robust method for
determining the baseline, program participants could be under
compensated. This could reduce customer willingness to partici-
pate. On the otherhand, consumers could be over compensated
thereby increasing system operational costs, reducing the potential
impact of some of the benefits ascribed to DR programs. Indeed,
the authors in [50] analyze a number of different baseline calcula-
tions methods for residential consumers. They show that, particu-
larly for incentive-based DR programs, baselines play an crucial
part because they determine the incentive prescribed to customers
and thereby influence their decisions.

In [51], the relative merits and flaws of a number of baseline
calculation methodologies employed in the US are discussed. The
author concludes that, in many cases, an adjustment to the base-
line calculation is needed to more accurately estimate customer
energy usage. This highlights that baseline estimation is not a
straightforward procedure. While the authors in [50] focused on
residential consumers, there has been considerable work on ana-
lyzing the uncertainty in demand response baseline models used
in commercial and industrial facilities [52], which also details the
inherent complexities involved in calculating a baseline.
According to [52], baseline models for calculating baselines for
commercial and industrial load are generated by averaging elec-
tricity consumption for a particular load over a number of days
and thus can be biased. The authors in [52] thereby advocate the
use of regression based baseline models to overcome this.

All of the methods discussed in [50,51] require the calculation
of a baseline for each individual DR unit, for each individual cus-
tomer or each individual DR resource. If the residential sector is
to fully participate in DR programs and if individual baselines are
to be established it is clear to see that there would be a dramatic
amount of data required. The quantity of data that would be
required for baseline calculations, however, is but one of the
data-related issues and such issues will be explored in the next
section.

3.3. Data issues

There have to date been limited numbers of large scale DR
deployment projects and consequently, in some circumstances,
there is insufficient data available for performing DR analysis.
This limitation on data and the lack of previous experience per-
vades most of the challenges and barriers associated with DR.
Furthermore, even if sufficient data was available, there could be
implications for its accuracy. According to [8], DR participants have
historically overestimated their likely performance during
declared curtailment events. Additionally, the problems associated
with asymmetric information may need to be accounted for in the
deployment and evaluation of DR. This is because individual cus-
tomers will always know more about their true electricity use than
the load serving entity or aggregator and can likely profit from that
knowledge [53].

In order to address the lack of data issue, it is recommended
that comprehensive data recording and analysis regimes are in
place for the DR demonstration projects proposed in the coming
years and are continued for the programs that are currently run-
ning to ensure that there is sufficient high quality data and numer-
ous years worth of data available for long-term analysis.

The uncertainty in the deployment of DR, the associated termi-
nology and the lack of sufficient data will inherently impact upon
the evaluation methodologies, which will be discussed in Section 4,
as it is necessary to model and represent, insofar as possible, the
operation of the real power system and interactions with the
end-user. It is important to understand the DR resource and to
appreciate the uncertainty and challenges that exist and then rep-
resent DR as best as possible and to account for any uncertainty in
the evaluation methodologies applied to DR.
4. Evaluation methodologies

The US Department of Energy [1] concluded that without a
robust analytical method to estimate the value of DR it is almost
impossible to justify the system reliability improvement attributa-
ble to it. A poor methodology leads to a poor understanding of the
value of DR and the implications of this for the power system could
be considerable.

It was previously acknowledged in Section 3 that limited data is
a issue for evaluation of DR. Consequently, it is recommended that
analysis is performed using currently available data or performed
based on reasonable assumptions pertaining to market size, DR
penetration level, etc. This should then be followed by a series of
updates and iterations on the assumed figures as more data is
made available and as greater understanding of the effects of DR
on the system and the markets is gained from demonstration
projects.

This section of the paper explores some of the existing methods
which are deemed suitable for estimating the value of DR and iden-
tifies some of the associated challenges as a result of the uncer-
tainty in the deployment of DR.
4.1. Integration benefit concept

Power system level studies have been performed for decades in
order to understand the impacts of various resources on the power
system. However, the advent of variable renewable sources has
spurred greater interest from policy markers, academics and sys-
tem operators alike. In recent years integration studies of variable
renewables has dominated the realm of system level studies and
has been an area of considerable activity, as evidenced by the num-
ber of studies documented in the literature [54–56].

An integration cost is usually defined as the extra cost imposed
on a system when a resource is added, compared to the situation
without that resource [54]. Increasing penetrations of variable
renewables have a significant impact on power system operational
costs. There is no fuel cost associated with variable renewables and
they can often displace some expensive fossil fuel-based generat-
ing units. Thus, there is an operational cost saving. On the other
hand, integration of variable renewables necessitate the procure-
ment of greater levels of ancillary services, thus imposing extra
operational costs on the system. Consequently, significant focus
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is placed on the integration cost associated with the introduction
of variable renewables but ultimately there is a net operational
cost saving. DR, however, for the most part, has no fuel costs asso-
ciated with it but is crucially also is in a position to provide ancil-
lary services, thereby reducing system operational costs. Like
variable renewables, the net result of incorporating DR is an oper-
ational cost saving, but in the case of DR however, the saving is
potentially twofold; fuel savings and the provision of AS from a
cheaper resource. Therefore, the integration cost in the case of
DR should be a negative cost, or a benefit, and for the remainder
of this paper we are referring to this cost saving as an integration
benefit.

There is considerable merit in adopting an integration benefit
approach since, as stated earlier, these studies are well docu-
mented in the literature and considerable experience and under-
standing has been gained in recent years [55]. Furthermore,
integration studies represent a significant set of methodologies to
quantify the impacts of resources on the power system. Applying
the concept of an integration benefit to the analysis of the inclusion
of DR on the power system could provide a means to ascertain its
true electricity market value. Knowledge of the value could provide
an indication as to which markets and sectors are most suited to
demand side participation, a view which is also expressed in [20].

The advantages of using an integration study approach cannot
be overlooked and, consequently, such an approach is explored in
greater detail here.

4.2. Integration study

An integration study typically includes production cost simula-
tions, which often involve unit commitment and economic dis-
patch (UCED), allowing for an assessment of flexibility, cost and
emissions impacts [55]. One of the advantages of a production cost
simulation is that it allows assessment of both energy production
and provision of some ancillary services.

Additionally, an integration study would involve generation
adequacy (or capacity value) calculations, analysis of the impact
of new resource on power system dynamics and power flows
[55]. While, all of these assessments are an integral part of an inte-
gration study, the focus in this paper is placed on the production
cost simulation and generation adequacy aspects of an integration
study as these are the areas where DR can contribute to the power
system and participate in electricity markets.

4.2.1. Production cost simulation
The methodology employed in an integration study is deter-

mined by the ultimate aim of the study [54]. There are two com-
mon approaches for determining integration benefits. One
involves simply adding the capacity of the new power source or
the DR resource into the production cost simulation and comparing
production costs with a base case. The second involves replacing
existing capacity with the new power source or the DR resource
in the portfolio used in the production cost simulation and com-
paring production costs with a base case [55]. The difference in
costs before and after the inclusion of the technology being
assessed is often viewed as being one of the key components of
the integration benefit. While many approaches can achieve the
same end goal – the estimation of an integration benefit – the
underlying methodologies employed and the assumptions used
can be significantly different.

Ascertaining power system operating costs under different sce-
narios and under a range of conditions, i.e. a production cost
simulation, is well understood and follows well-defined method-
ologies [17]. However, defining the base case for any integration
study is often a source of conjecture. The authors in [54,57] high-
light that study results are highly dependent on the reference or
base case to which the system costs with the inclusion of the
new technology are compared. Determination of the characteris-
tics of the alternative portfolio is not straightforward and conse-
quentially has a significant impact on the calculated operational
costs [57]. It is acknowledged in [58] that the definitions of the
reference or base cases used in integration studies ‘is an area of
significant disagreement among experts in this field’. It is recom-
mended in [55] that the results from integration studies should
be detailed with regard to the assumptions made to ensure that
the weaknesses and caveats are kept in mind.

One approach (simply adding the capacity of the new power
source) leads to a decreased risk of capacity shortage as the
amount of generation (or load reduction in the case of DR) is
increased and there is a consequential likely reduction in operating
cost [54] and a potential increase in system reliability. The authors
in [56] recommend that this approach be employed when dealing
with small levels of wind power penetration. They also suggest
that with small levels of wind, existing operating procedures and
market design should be used as a first pass, with amendments
as necessary in later iterations. For very low penetrations of DR,
this approach may suffice, but it should be noted that even a small
amount of DR can have a significant effect on system prices, as dis-
cussed in [59,60], and thus in some cases this first approach would
not be appropriate.

The second approach, which involves replacing existing capac-
ity with the new power source, requires the establishment of the
‘alternative’ to the new resource, which can be a contentious issue
[54]. The authors in [55] advocate the use of this approach when
dealing with greater penetrations of wind power. They also stipu-
late that flexibility requirements and network configuration should
be accounted for. Adopting this approach for the inclusion of large
penetrations of DR would necessitate analysis of the markets and
system operations. This is due to the fact that as the penetration
of DR increases the impact on the system becomes more pro-
nounced [15], thereby providing a more comprehensive assess-
ment of DR. This approach would be deemed more appropriate
than the first for analysis of the reliability of the system with
and without the DR resource. This analysis could be achieved by
choosing the ‘alternative’ to DR for the base case such that the gen-
eration margin is broadly unchanged when DR displaces the ‘alter-
native’. Thus, the change in system performance between the two
cases would be largely due to the operation of the DR resource
alone, not due to merely increasing the generation margin.

One challenge is the choice of the ‘alternative’ to DR. The
authors in [34] discuss how DR compares and competes with com-
bustion turbines and suggest that combustion turbines could serve
as a proxy for a flexible resource, but this may be system specific
and would warrant further investigation before any recommenda-
tion can be made regarding what resources could be considered
alternatives to DR.

An alternative, and recommended, approach for an integration
study would involve comparing and contrasting a number of dif-
ferent portfolios and a number of scenarios in a manner similar
to that employed in [61], rather than simply comparing one sce-
nario without DR and one scenario with DR.

It is highly recommended that, in evaluating DR, the time-
varying nature of electricity markets are adequately incorporated
into the power system models in order to obtain robust and realis-
tic results from production cost simulations. For example, the
volatility of electricity and AS prices over time can have serious
implications for the revenue earned by DR resources. It was found
in [20] that in the CAISO South region, for the years 2009–2011, the
winter months had large evening peaks in regulation up prices
while the early morning hours had lower prices. Similarly, in the
west reserve zone of New York ISO, for all seasons, the spinning
reserve prices in the early morning hours are close to zero [20].
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The importance of including this daily and seasonal temporal vari-
ation in market clearing price when assessing the value of DR par-
ticipation in AS markets is highlighted in [20]. This would suggest
that there are limited time periods over which to earn revenue
through participation in an AS market, which may reduce the over-
all value of DR for the participant. The work in [62] highlights the
importance of correctly modeling the variation in price of electric-
ity over time when examining DR. The authors in [62] suggest that
in certain cases for certain systems this will necessitate the incor-
poration of price correlation into the production cost model.

4.2.2. Capacity value calculations
Capacity value (CV) calculations are an important component of

integration studies and CV is a key measure of the contribution a
resource can make to generation system adequacy [63]. The CV
of a generator can be defined as ‘the amount of additional demand
that can be served due to the addition of the generator, while main-
taining the existing levels of reliability’ [63].

One of the challenges associated with CV calculations is the fact
that the methodology was developed with conventional generators
in mind and then adapted and applied to variable renewables [63].
While this methodology has also been adapted to provide a high
level estimate the CV of DR [64], the traditional CV methodology
does not inherently capture all of the impacts on generation ade-
quacy associated with the operation of DR.

A feature of DR that is inherently different to the characteristics
of a conventional unit pertains to availability rates and probability
of availability. In traditional CV calculations, individual generator
availabilities are assumed to be independent of each other. This
is not the case for the wind and solar resource and, indeed, the
same cannot be said of DR resources. This is clearly understood
with a simple example; suppose there is an industrial facility with
a number of different units offering DR with one control system for
all the units. Failure of that control system affects all of the DR
units and in this case their availabilities would not be independent
of each other. For CV calculations, another one of the required
assumptions is that the failure performance of a unit is indepen-
dent of the operating level, the system load and the outage pattern
of other units [65]. This is not true of DR resources because they
will inherently be dependent on system load. For example, a refrig-
eration unit will not be available to response to a signal to reduce
load, if the unit was not on and operating in the first instance. If
shoe-horning DR analysis into preexisting methodologies for CV
calculation, the breakdown of these assumptions represents a
major challenge to modeling and evaluating the DR resource and
indicates the potential requirement for a novel alternative
approach.

It can be appreciated that the availability of conventional gener-
ation depends upon the mechanics of electricity generation and
upon the control systems in place, while wind generation availabil-
ity is contingent upon natural phenomenon and the physical
resource. The wind resource, although variable and uncertain,
can be represented to a certain degree of accuracy and there is sig-
nificant wind data and wind time series available. DR availability,
on the other hand, depends upon the mechanics of the devices
and upon the control systems, but crucially, also depends upon
consumer behavior and user preferences. It is this influence that
introduces challenges to the representation of the DR resource
availability. It is crucially important, as is recommended in [66],
that the wind, load and DR data is time-synchronized in CV calcu-
lations and the limited DR data can be a considerable challenge in
this regard.

There is significant work to be carried out regarding the capac-
ity value of DR so that system operators can decide how best to
incorporate DR into the daily operating strategies and into long-
term planning considerations.
4.3. Modeling demand response in integration studies

It is recommended that production cost simulations and CV cal-
culations pay close attention to the physical characteristics of the
DR resources. These resources have a number of unique character-
istics as well as characteristics in common with conventional gen-
eration. As is the case with conventional generating units, it is
crucial that the DR constraints are modeled appropriately in order
to accurately reflect the physical characteristics of the DR unit. DR
has constraints equivalent to the response rates, ramp rates, rated
capacities and has minimum down time and maximum up time
constraints typically associated with conventional generating
units. Like conventional units, DR is only possible if the unit is
online and available. However, unlike conventional units, which
have significant ramp rate limitations, DR units have smaller phys-
ical time constants and thus higher ramp rates. Therefore it is
highly improbable that DR units would need to be constrained
on. It is the unique characteristics that present challenges for mod-
eling DR across all domains and indicates the need for high resolu-
tion models in order to capture all of the physical characteristics of
DR. Unlike most conventional generators, a DR resource is energy
limited. After a DR unit has provided a service to the system, the
energy which the unit relinquishes may need to be recovered at
a later stage. If these recovery periods are uncontrolled, a number
of units’ recovery periods may coincide and this may inadvertently
create an additional, unintentional peak in the system demand.

A method is developed in [60] for quantifying the effect increas-
ing penetration of DR resources providing load shifting can have on
electricity markets. They show that load reduction in one period
can reduce the market price, but shifting that load to another point
in time, can cause a rise in the market price at that time. The
energy limited nature of DR is often viewed as being similar to con-
ventional storage units and thus in many places in the literature,
load shifting units are modeled and considered as storage units,
for example in [9] and in [21]. This energy limited nature con-
strains the duration of response the DR unit is capable of providing
and there may also be a limit on the number of times a DR unit can
be called upon to provide a response. The energy storage dimen-
sion of the DR resource introduces an element of time shifting,
making the calculation of its availability at a specific point in time
complex, since the probability of DR availability in a certain hour is
contingent on whether it was available or used in previous hours. It
is recommended that these constraints and unique characteristics
are incorporated into the model of DR used in the production cost
simulation and in the capacity value calculations to obtain realistic
results.

The challenge of the time-varying price of electricity and AS,
discussed in the previous section, is compounded by the time-
varying availability of DR resources themselves; DR may simply
not be in a position to provide a response during periods of high
prices, further eroding its potential revenue stream. Some DR
resources can respond within hours, minutes or even seconds of
a signal or a disturbance and the duration of the response can be
on the time scale of minutes or hours. Capturing these inter-
temporal characteristics is paramount to adequately evaluating
the DR resource and time-synchronized data is a necessity in this
regard. However, as mentioned earlier, there is a dearth of suffi-
cient data of this kind available at present.

There is also a need to represent unanticipated consumer
behavior in demand side models and this represents a major para-
digm shift from the traditional power system studies and could
present multiple challenges. However, it has been shown that
aggregation reduces the irregularity and diversity associated with
loads [67]. The authors in [67] even suggest that aggregation of a
few thousand households transfers DR from the residential sector
into a uniform response ‘enough to consider it as a system resource’.
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It is based on this that aggregation is highly recommended when
modeling and analyzing the DR resource.

One of the benefits of using an integration study methodology is
the ability to incorporate stochastic elements in the unit commit-
ment algorithm. In recent times, there as been considerable work
in developing stochastic unit commitment tools to account for
the uncertainty associated with variable renewable generation,
particularly wind [68,69]. Thus, significant expertise exists to allow
the incorporation of the stochastic elements of DR in production
cost simulations. The authors in [70] find that stochastic variations
in household energy consumption on a daily and seasonal basis can
affect the optimum capacity of demand-side energy storage
required. This highlights the need for stochastic demand models
in order to more fully understand the economic viability of utiliz-
ing storage devices for DR and the same can be said of other DR
programs.
5. Discussion

The key message of the paper is that there is considerable
uncertainty surrounding the value of DR. Consequently there can
be concern regarding the potential revenue for DR program partic-
ipants and a hesitancy for others to engage in a program. A greater
understanding of the value is required for widespread deployment
of DR programs. Evaluation of the DR resource is clearly a vital step
in its large scale deployment and could increase understanding of
the impacts of DR on the system and markets. One of the chal-
lenges faced when evaluating DR is the need for awareness of con-
sumer preferences and different motivating factors. It is vitally
important that the limitations of the DR resource and the effect
of unanticipated consumer behavior are borne in mind. This, how-
ever, can be hampered by a lack of suitable data and information,
as previously discussed.

The terminology used to describe DR programs can also be
problematic for the evaluation of DR. It is noted in [46] that despite
the fact that some system operators have established DR programs,
while many more are developing such schemes, the many ways in
which to execute a DR program and the inconsistencies associated
with program definitions pose considerable barriers. There are also
numerous ways in which to classify DR programs, for example, in
terms of application or in terms of the signaling mechanisms. It
is common to classify DR programs based on their incentive struc-
ture [71], while programs can also be classified based on whether
they are activated by price or by system reliability requirements
[72]. Within each of these classifications there are many different
DR programs and there is often considerable overlap. This can cre-
ate difficulties when making comparisons between different pro-
grams and it may not be possible to draw conclusions from one
system and apply them to another.

From earlier in the paper, it is clear that DR can provide multiple
products and that there is a relationship between them. Thus, fail-
ure to develop DR in one market can deprive other markets.
Offering multiple services to the power system is not only benefi-
cial from the power system point of view, but also allows DR par-
ticipants to avail of numerous revenue streams. As a result, it is
highly recommended that DR programs are not studied and evalu-
ated separately, but are assessed as part of the larger power system
so as to appropriately account for their combined impact. In [49] it
is noted, however, that there is a significant challenge in evaluating
DR programs holistically. The alternative, on the other hand, to
evaluate the programs separately, is unacceptable since, ulti-
mately, any program will be integrated into the larger power sys-
tem and thus there will be interactions and interdependencies and
the programs will form a small part of a larger portfolio of
resources.
This need for a comprehensive holistic approach indicates that
an integration study is a very suitable, and recommended,
approach to adopt for the evaluation of DR. The approach recom-
mended in this paper is similar to that in [55] with some additions
to account for the unique characteristics of the DR resource. The
ideal approach would involve detailed modeling of the physical
properties and energy limited nature of the DR resource in a
stochastic production cost simulation. This model would also cap-
ture the vagaries of consumer behavior insofar as is possible. The
production cost simulation would involve co-optimization of
energy and ancillary service markets. This is in order to determine
the operation of DR resources when in competition with other
technologies and strategies [8] and to take account of the intrinsic
relationship between multiple DR services. Co-optimization is also
noted as being of particular importance in [19]. The simulation
would also utilize time-synchronized data to ensure inter-tempo-
ral variations are accounted for. A series of different portfolios
and scenarios would be examined and compared. The production
cost simulation would be combined with a capacity value assess-
ment of the resource enabling examination of the contribution
the DR resource can make to power system reliability.

When an integration study is completed, however, one issue
remains – the synthesis and dissemination of experience, under-
standing and study conclusions. Such tasks are inhibited by the
appreciable differences between systems coupled with the dispar-
ity in AS terminology and DR program classifications and defini-
tions. It should also be remembered that all power systems are
different and the results of system studies are inevitably system-
specific. CV results, for example, are dependent on the generation
portfolio and thus the requirement for capacity in a particular sys-
tem. Additionally, despite the fact that DR can provide multiple
products, some systems do not operate markets for capacity, while
others do not have AS markets. A related issue is the fact that inter-
pretations of the definition of capacity can be arbitrary, while AS
definitions and rules vary considerably from system to system. A
revision of AS definitions and market rules to accommodate the
physical characteristics of DR resources is highly recommended.
This could permit greater participation in DR programs and also
allow better exploitation of the available DR resources.

The differences between systems have implications for evaluat-
ing DR, preventing transfer and application of the evaluation
framework from one system to another. While the methodologies
may be applicable, or at least adaptable, to all systems, the results
are unlikely to be directly transferable. That being said, however, it
is still vital that such studies are performed in order to more fully
understand the value of DR and to make informed decisions
regarding the future of DR.
6. Conclusion

The main contributions of this paper lie in the identification of
key DR deployment barriers, from across the range of the DR liter-
ature and from many different aspects of the DR concept, in the
discussion of how the uncertainty in DR deployment can impact
upon evaluation methodologies and in the introduction of the con-
cept of integration benefit. Additionally, this paper provides
numerous recommendations.

There is a ‘Chicken and Egg’ type scenario at present in the DR
field; uncertainty regarding the value of the DR resource compro-
mises investment interest and understanding of the ideal manner
in which to deploy DR programs, which culminates in limited
experience with a consequent shortage of suitable data. This leads
to a lack of clarity as regards how best to represent the DR resource
and incorporate it in valuation methodologies and results in a min-
imal understanding of the value of DR.
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There is a pressing need to quantify the value of DR. DR could be
crucially important to the power system given that it can provide
multiple services and it is paramount to be aware of how DR com-
pares with other resources. It is also vital to understand the price
that DR could receive in the various electricity markets and to
appreciate the characteristics of DR which are most desirable from
a power system point of view.
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