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ABSTRACT The role of demand response resources is particularly important under the new-type power
system with new energy as the main source. Demand response resources are important for generation
adequacy and can provide electricity capacity value for power system. The United States and the UK are
the only countries in the world that offer capacity services from demand response resources as generation
resources. Their experiences and lessons learned are of great significance to other countries and regions.
This paper first analyzes the significance of DR resource participating in the capacity market from two
perspectives: the development of demand response resources and system generation capacity. Secondly,
a detailed analysis of the mechanism design of demand response resources in the US capacity market is
presented and the development status of demand response resources since 2007 is provided, so as to provide
meaningful reference for other countries and regions. Thirdly, this study introduces the current situation
and dilemma of demand response resources in the capacity market of the UK, and provides corresponding
suggestions so that demand response resources in other countries and regions can avoid repeating the pace
of the UK in the capacity market. Finally, suggestions for demand response resources to participate in the
capacity market are given from four aspects.

INDEX TERMS Demand response, capacity market, market mechanism, status, dilemmas,
recommendations.

I. INTRODUCTION
Demand response (DR) refers to the behavior that when the
price of power wholesalemarket rises or the system reliability
is threatened, power users change their inherent habitual
power consumption mode (reduce or transfer the power load
in a certain period of time), so as to ensure the stability
of power grid and restrain the rise of electricity price [1].
Since 2010, DR has begun to develop actively in the global
electricity market and can compete with power production.
In 2016, the global power DR capacity was 39 GW, of which
North America accounted for more than half of the total
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DR capacity, accounting for 28 GW. According to the pre-
diction of market research firm Navigant, the global power
DR capacity will reach 144 GW by 2025 [2]. According
to Bloomberg New Energy Finance, the global power DR
capacity will more than triple to 177 GW by 2030. The
flexibility to put more renewable energy into operation in
most countries will be crucial [3].

A. THE ROLE AND CHARACTERISTICS OF DR UNDER THE
NEW-TYPE POWER SYSTEM
1) THE ROLE OF DR IN NEW-TYPE POWER SYSTEMS
In the new-type power system, the proportion of traditional
units will be significantly reduced, and new energy sources
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will become the main provider of electricity. Regardless of
the form of new energy, its output capacity usually depends on
the external environment and is difficult to control artificially,
which not only cannot be adjusted with load fluctuations, but
also introduces more regulation burden to system operation.
Traditional thermal units, which have been the mainstay of
power regulation in the past, are a very limited part of the
new power system and cannot cope with the fluctuations of
new energy and load superimposed on each other. As a result,
regardless of the type of new energy source, there will be
a large and continuous lack of regulation capacity on the
generation side, which is the main challenge for the new
power system.

On the other hand, a large number of flexible loads on
the demand side can participate in the system operation
through many modes, such as participating in DR markets,
ancillary service markets, and electricity energy markets. The
above-mentioned models differ in terms of user type, imple-
mentation purpose, and research basis. Among them, DR has
relatively low requirements in terms of policy maturity, user
access threshold, etc., and many countries also have research
and application bases. With the significant improvement of
demand-side digitalization and intelligence level in the new
power system, DR will certainly be developed rapidly, mak-
ing a large number of flexible loads one of the main sources
of flexible regulation capacity of the new-type power system.

In a word, the construction of a new type of power system
has put forward higher requirements for flexible regulation
capability and risk resistance capability. As an important flex-
ible regulation resource, DR resources can realize efficient
linkagewith new energy consumption, thus playing an impor-
tant role in enhancing the penetration rate of new energy
and alleviating the contradiction between power supply and
demand [4].

2) CHARACTERISTICS OF DR IN NEW-TYPE POWER SYSTEM
The new-type power system will continue to face a huge reg-
ulation burden, and DR should be promoted and implemented
on a large scale and on a normal basis. In this context, the DR
mechanism should have new characteristics and development
goals [5]. In order to adapt to the new-type power system
dominated by new energy, DR mechanism should have the
characteristics of scale and normalization.
• Scale: A large and diversified group of customers
should participate in DR program. Only by significantly
increasing the proportion of DR users and forming a
scale effect can the implementation effect of DR be
sufficiently guaranteed and the regulation capacity of the
new-type power system be significantly improved.

• Normalization: DR is required to be implemented on
an ongoing basis as an important regulation tool for the
new power system, rather than only at ‘‘extraordinary
times’’. For example, DR can be implemented uninter-
ruptedly throughout the summer to alleviate regulation
challenges caused by high loads, full hydro generation,
and fluctuations in new energy sources. At the same

time, regular operation can significantly increase the
utilization and participation of virtual power plants, for
example, to ensure their healthy development.

3) CURRENT STATUS OF THEORETICAL RESEARCH AND
PRACTICAL APPLICATION OF DR RESOURCES IN THE
CAPACITY MARKET
a: THEORETICAL RESEARCH
Many researches have been conducted in the theoretical study
of DR resources in capacity markets. One of the most relevant
hot-spots is the contribution of DR resources to generation
capacity adequacy. The contribution of intermittent resources
such as DR resources and renewable energy to the system
power supply reliability is usually assessed by the credi-
ble capacity. The capacity credibility index can be divided
into effective load carrying capacity (ELCC), equivalent firm
capacity (EFC) and so on [6]. The larger the value, the greater
the contribution to system reliability. The authors in refer-
ence [7] concluded that the capacity values of DR resources is
comparable to that of wind: (13-23%). Although the capacity
values of the tested DR resources vary due to the different
testing devices and calculation methods used in these studies
to estimate the DR resources. However, it is a well-known fact
that DR resources contribute to capacity generation adequacy.
The author in reference [8] found that the capacity value of
DR resources could be as high as 26% by testing a load
shifting device in Ireland. The reference [9] found that DR
resources are able to reduce capacity market prices while
saving consumers money, and the impact is particularly pro-
nounced when renewable generation is highly variable and
initial capacity is insufficient. Capacity values represent the
contribution of resources to generation adequacy.

DR resources can be used to address transmission expan-
sion planning issues rather than implementing costly and
complex transmission upgrade solutions, in addition to being
used as a supply resource to be produced when electric-
ity prices are high or grid reliability is threatened. Many
researchers have explored the impact of DR resources on
transmission planning [10], [11]. However, none of them
consider the impact of quantifying the participation of DR
resources in the capacity market on transmission planning.
To address the question, the author in the reference [12] pro-
posed a model with an integrated capacity and DR resources,
in which DR resources are able to reduce the required trans-
mission capacity. The core of this solution is to replace
expensive transmission upgrade solutions through DR. This
approach reduces the cost of transmission upgrades and
improves social welfare compared to transmission upgrade
solutions.

Some research scholars have also focused on the prac-
tical application of DR resources in the capacity market.
Literature [13] presents the role of DR resources in the
PJM capacity market and briefly describes the product types
of DR resources in the early PJM capacity market (before
2011). Literature [14] briefly describes the product types of
DR resources in PJM and NYISO markets, focusing on the
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evolution and current status of DR programs in these two
markets. In the reference [15], case studies of DR resources
in the capacity markets in ISO New England, PJM and Great
Britain are provided. The authors focused on the current
state of development of DR resources in these markets at
the time (2015) and did not analyze the mechanisms of DR
resources participating in the capacity market. The authors in
the reference [16] show that the six major generation groups
and the ‘‘second tier’’ in the UK have the ability tomanipulate
the market, thus leading to a rather small share of the capacity
market for UK DR resources in these years.

b: PRACTICAL APPLICATION
In terms of practical applications, currently only in the US
and UK DR resources are allowed to participate in the
capacity market. DR resources has been participating in the
PJM capacity market as a power generation resource since
2007, with a development history of 15 years. In the UK,
Dr resources are allowed to participate in the capacity market
from 2016 [15]. Although DR and capacity markets have a
long history of development in many regions, few countries
or regions still allow generation resources to participate in
capacity markets. The key reason for this is that in the past,
generation-side resources have met the capacity needs of the
system. However, with the increasing penetration of renew-
able energy and the need to continuously tap the flexibility
of demand-side regulation, more and more countries (such as
China) are exploring the development of DR resources under
the new power system, including participating in the elec-
tricity energy market, ancillary services market and capacity
market, so that demand-side resources can obtain objective
revenue and stimulate the development of DR resources [17].

B. PURPOSE OF THE STUDY
As mentioned above, the US and the UK are the pioneers
to allow DR resources to provide capacity services as power
generation resources in the world, and has relatively mature
experience for reference [14]. Thus, the study of their experi-
ences on DR resources participating in the capacity market is
of great significance to the development of DR resources in
the capacity market for other countries and regions. However,
as the analysis in the section I-A3, although there have been
many studies related to DR resources in the capacity market,
the following research gaps remain:
• Most of the existing studies related to DR resources in
the capacity market are the role of DR resources on
generation capacity adequacy, such as literature [7]–[9].

• The introduction of existing Dr resources in the capacity
market of the US and the UK has insufficient mechanism
design analysis, and there is no comprehensive analysis
on the specific operation process (such as declaration
information, measurement of execution effect, settle-
ment, etc.), which can not bring good reference to other
countries or regions.

• The lack of analysis on the auction results of DR
resources in the US and UK in the capacity market in

the last seven years can not provide a good reference to
other countries and regions.

This paper analyzes in detail the mechanism design of
DR resources in the capacity market in the US and the UK
and the auction results since DR resources participating in
the capacity market, and gives some suggestions for the
participation of DR resources in the capacity market. Specif-
ically, the contributions of this paper are summarized as
follows:
• The importance of DR resources participating in the
capacity market is analyzed from the perspectives of
both the development of DR resources and the impact on
generation capacity adequacy under the new-type power
system.

• A detailed description of the mechanism design for
DR resources to participate in the US in the capac-
ity market, thus providing a good sense of reference
for other countries and regions. The mechanism design
mainly includes: Types of DR resources participat-
ing in the PJM capacity market, introduction of price
responsive demand products and the mechanisms asso-
ciated with participation in the capacity market, emer-
gency and the mechanisms related to participation of
market pre-emergency products (including Information
required for DR resources to participate in the capacity
market, key parameters for DR resource participating in
the capacitymarket, notification period of DR resources,
measurement of the execution effectiveness, and settle-
ment), comparative Analysis of two products participat-
ing in the capacity market.

• The auction results of DR resources in the PJM capacity
market are introduced in detail, and the development
trend of DR resources in the capacity market is ana-
lyzed. Two issues of concern for DR resources in the US
capacity market are discussed.

• The current situation and dilemma of DR resources in
the UK capacity market are analyzed, and corresponding
improvement measures are proposed. It can also bring
some lessons for other countries and regions to avoid the
same problems faced by DR resources in the capacity
market in the future.

• General issues and recommendations for DR resources
to participate in the capacity market are summarized,
including the following four areas: design of diverse
capacity products, evaluation of implementation effec-
tiveness, incentivize small users to participate in the
market with aggregated resources, and measurement of
implementation effectiveness.

This study is structured as follows: Section II analyzes
the practical experience associated with mechanisms of DR
products participating in the US capacity market, and the
overall trend of three aspects in capacity auctions is provided.
In Section III, a brief introduction to the UK capacity market,
a detailed analysis of the current situation and dilemma of DR
resources in the capacity market, and targeted suggestions for
improvement are presented. Four recommendations are given
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for DR resources to participate in the capacity market in the
Section IV. The conclusions are drawn in Section V.

II. THE SIGNIFICANCE OF DR RESOURCES
PARTICIPATING IN THE CAPACITY MARKET
A. IMPACT ON DR RESOURCE DEVELOPMENT—AN
IMPORTANT REVENUE SOURCE
Although DR has been going on for a long time in many
countries, it has not been making good progress in many
countries [18]. In addition to the imperfect information and
communication technology of relevant equipment, the factors
affecting the development of DR resources mainly include
the following two reasons: (1) the lack of business model
for DR development; (2) the lack of reasonable measurement
as well as market-oriented guidance objectives in terms of
cost-benefit accounting.

1) LACK OF BUSINESS MODEL
The limited maturity of DR technology determines the lim-
ited maturity of its market: low participation awareness of
user compared to traditional generation resources, immature
communication technology, resulting in limited capacity of
DR resources, etc. With relatively mature technology level,
the development of DR technology needs to meet the exis-
tence and development of this industry chain through the
introduction of relevant stakeholders and innovative profit
models. The main problem brought about by this is the low
motivation of customers to participate in DR program [19].
Most electricity consumers do not care about the not generous
subsidies that participating in DR programs can bring them,
but rather about their comfort. In addition, the cost of con-
ducting DR programs is quite high due to the need to install a
variety of expensive equipment, mainly expensive equipment.
The total cost of telemetry infrastructure, database system,
energy management system, etc. is estimated to be about
$750,000. Without a suitable business model, it is difficult
to motivate users to carry out DR projects at such high costs.
At present, the relevant market-based trading is mainly based
on participating in the spot market and auxiliary service mar-
ket, and is still in the stage of theoretical research design and
pilot verification, with only small-scale pilot work in local
areas and no large-scalemarket application for the time being.
Therefore, the biggest problem of DR projects at present is
that no mature business model has been established, relying
mainly on the administrative means of summer peak regu-
lation and power restriction, and the active participation of
DR resources in power market dispatch as available resources
is still in the exploration stage. With the increase of power
trading volume, the improvement of power market mecha-
nism and the increase of the proportion of renewable energy,
the system demand for flexible resources will continue to
grow, and the profit space of DR resources in the market will
be expanded, so the government subsidy can be gradually
reduced and a compensation mechanism combining market
trading and sharing of beneficiary subjects can be established.

2) LACK OF REASONABLE MEASUREMENT AND
MARKET-ORIENTED GUIDANCE OBJECTIVES
In terms of cost-benefit accounting, there is a lack of rea-
sonable measurement as well as market-oriented guidance
objectives. If the subsidy standard is too high, it will lead to
unnecessary waste of financial funds, while too many users’
participation will also cause additional waste of resources.
On the contrary, if the subsidy standard is too low, it will
not be able to fully dispatch the participation enthusiasm of
users, and the network scale required by themarket will not be
achieved. At present, the existing policy for DR subsidy stan-
dards are mostly fixed pricing method, the future DR project
indicators subscription should be fully market-oriented, can
take a competitive bidding method, according to the high or
low offer to determine the amount of each user reduction and
reduction period requirements.

Based on the experience of the US electricity market, the
capacity market is the most important revenue source for DR
resources [20]. Therefore, it is important for DR resources
to participate in the capacity market to solve the current
problems faced byDR resources in terms of high construction
costs and lack of suitable profit models to recover costs.

B. IMPACT ON GENERATION CAPACITY ADEQUACY
UNDER NEW-TYPE POWER SYSTEMS
After the grid connection of large scale renewable energy
generation, relying solely on generation-side resources can-
not fully meet the requirements of reliable, safe and efficient
operation of the power system with renewable energy as the
main form of power generation in the grid, and new avail-
able resources must be tapped from the customer side [21].
DR resources can induce dispatchable, temporary load reduc-
tions during system load peaks to ensure system capacity
adequacy. Therefore, DR resources can participate in the
capacity market as other resources [22]. The participation of
relatively low-cost DR resources in the capacity market is of
great significance to reduce the peak load of the system, slow
down the growth of installed capacity and transmission and
distribution capacity, and curb the rise of capacity price [23].
This saves costs for maintaining the adequacy of power gen-
eration capacity, improves the efficiency of capacity invest-
ment, and balances the system reliability risk caused by the
decommissioning of aging units. Currently, studies related to
the impact of DR resources on capacity markets have focused
on two main aspects: the contribution of DR resources to the
capacity market adequacy and the impact of DR resources on
transmission planning upgrades [24].

III. PRACTICAL EXAMPLES OF DR RESOURCES
PARTICIPATING IN CAPACITY MARKETS: UNITED STATES
A. CHARACTERISTICS OF THE CAPACITY MARKET IN THE
US AND THE UK
The capacity market mechanism is used by PJM, MISO,
NYISO, and ISO-NE to ensure generation adequacy and reli-
ability during future peak hours. The specific organizational
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process of the capacity market varies little among regions,
so this section takes the PJM capacity market as an example
and reviews the market mechanism in the order of its capacity
market organizational process.

The capacity market of PJM in the United States was
initially the capacity credit market (CCM), which was later
replaced by the reliability pricing model (RPM) considering
the many shortcomings of the CCM [25]. The RPM market
includes a Base residual auction (BRA), three incremental
auctions (IA), and one continuous bilateral market.The pri-
mary market in the PJM capacity market is the BRA market,
which is organized three years ahead of the delivery period.
The long-term primary market auction can provide long-term
stable financial support for new capacity and guarantee the
construction time of units. Due to the inflexibility of capac-
ity trading caused by the long lead time of the primary
market auction, PJM has also set up three incremental auc-
tion markets, namely the IA market, which makes capacity
trading more flexible and allows for timely adjustment of
capacity purchases, and there are single or multiple sec-
ondary markets in all regions except MISO. The organiza-
tional process of the PJM capacity market mainly includes
developing capacity demand curve, organizing auctions, and
settlement.

In the BRA market, PJM develops a three-stage variable
resource requirement (VRR) curve based on the forecasted
value of the target capacity requirement (RelReq), the total
cost of new peaking units (CONE), and the net cost (Net
CONE). Net CONE is the total cost minus the energy &
ancillary services market revenue. The diagram of the capac-
ity demand curve is shown in Figure 1, and the calculation
method of the horizontal and vertical coordinates of the three
inflection points in Figure 1 is referred to the literature [26].
The capacity demand curve in the IA market is then con-
structed based on the purchase bids submitted by capacity
providers as well as PJM. The final capacity demand curve in
each auction round is finalized after integrating price-based
demand response (PRD) resources. Similar to PJM, ISO-NE
and NYISO determine demand curves based on IRM and the
total or net cost of new peaking units, but differ in the trend
of the curves.

Before the auction begins, each capacity provider is
required to submit technical parameters such as installed
capacity (ICAP) and Equivalent Demand Forced Outage
Rate (EFORd) to determine the unforced capacity (UCAP)
and declare the selling price and capacity; PJM will conduct
clearing with the optimization objective of minimizing capac-
ity purchase cost, taking into account the location constraint
and capacity resource constraint, in order to form the capacity
clearing price of each region and theUCAP obligation of each
capacity provider.

Capacity Providers are billed at a uniform clearing price
for their region, and capacity charges are billed to the load
aggregators in that region on a load-proportional basis in the
name of the regional reliability charge.

FIGURE 1. Schematic diagram of capacity demand curve in different
regions.

B. DR RESOURCES PARTICIPATING IN THE PJM CAPACITY
MARKET
1) TYPES OF DR RESOURCES PARTICIPATING IN THE PJM
CAPACITY MARKET
The participants of DR resources in the PJM electricity mar-
ket consists of 4 types:
• Electric distribution company (EDC): Refers to the
entity that provides distribution services to users in PJM
market by using the distribution equipment owned or
leased.

• Load serving entity (LSE): LSE includes load aggrega-
tors and other power marketers. Unlike EDC, LSE does
not own distribution equipment, but only sells electricity
or provides other power services to its contracted end-
users.

• Curtailment Service Provider (CSP): It refers to the
agents who use their professional technology and service
to organize power end-users with the potential of load
reduction and willing to participate in DR market trans-
actions. Unlike EDC and LSE, CSP is not responsible
for supplying electricity to users, but concentrates users’
DR resources from a professional perspective and sells
them in the wholesale market to obtain profit [27].

• End Use Customer (EUC): It is the provider of DR
resources. It must act as an agent through LSE or CSP
to participate in DR market transactions.

In the PJM power market, a small number of DR projects
are carried out with LSE as the leading implementer, andmost
projects are carried out with CSP as the main implementer
(CSPs account for about 92% in the 2021/2022 delivery year).
In addition, any LSE, EDC or other third-party organization
with expertise and service specialties can be as a CSP. Com-
pared with the implementation mode of LSE, CSP is easier
to allocate the risk of DR to other market subjects, attract
advanced technologies and service to improve the response
ability, and make full use of the competition mechanism to
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TABLE 1. DR resources participating in the capacity market.

improve the effect of DR resource allocation. However, the
form of CSP also increases the complexity of the market
and puts forward objective and comprehensive requirements
in terms of baseline to measure the reduction effect and
settlement mechanism.

In the U.S., DR programs can be divided into time-based
programs and incentive-based programs. Emergency and
pre-emergency (EP) DR, price responsive demand (PRD),
and economic DR, which participate in the PJM capacity
market, are incentive-based programs. Emergency demand
response (EDR) refers to the behavior of DR resources as a
capacity resource to curtail the load according to the instruc-
tions of dispatch agency in emergency situations such as
when the PJM power market price reaches the specified price
ceiling or the system operation reserve is insufficient. PRD
is defined as the forecastable load variation in response to
changing electricity prices. Of the three DR products, the first
two (i.e., EP and PRD) can participate in the capacity market.
As shown in the Table 1, EP DR resources participating RPM
market can be divided into two schemes: Emergency capacity
only and emergency full (capacity and energy). Specifically,
EP DR resources include the following product types: Lim-
ited, Annual, Base, Capacity Performance, Summer Period,
and Extended Summer. The capacity measurement and ver-
ification for DR resources includes two types: Firm Service
Level and Guaranteed Load Drop. More detailed description
about product types and the measurement and verification for
DR resources can be seen in Section III-B3.

2) PRD RESOURCES PARTICIPATING IN PJM’s CAPACITY
MARKET
a: INTRODUCTION OF PRD
In 2008, the Federal Energy Regulation Commission (FERC)
issued document No.719, which is intended to improve the
participation in DR markets. In addition, the advanced mea-
surement infrastructure (AMI) has been applied in some
parts of North America, and some EUCs have the ability to
respond to dynamic electricity price or forecast electricity
price. Under such policy and technical background, PJM is
developing a new demand side resource utilization mode,
namely PRD, which is defined as the predictable load change
in response to changing wholesale prices. PRD expands the
market participation mode of DR resources and is regarded
as one of the key research directions of PJM smart grid
construction [28]. The original DR program was only for
DR resources that could be directly controlled by PJM and
required an offer in the wholesale electricity market. Under
the PRD mode, residential and small commercial customers

that PJM cannot directly control can also participate in the
market directly, which increases the regulation potential of
DR resources.When PRD resources participate in themarket,
they can directly respond to the retail electricity price without
being directly dispatched by PJM or bidding in the wholesale
market.

b: HOW PRD RESOURCES PARTICIPATE IN THE CAPACITY
MARKET
Different from traditional DR resources, PRD resources do
not participate in the market as a power generation resource,
but as a predictable variable load. PRD services are pro-
vided by PJM’s PRD provider, which on behalf of retail
customers who are able to reduce in response to electricity
price. Capacity markets in which PRD resources can partic-
ipate include Base Residual Auction or Third Incremental
Auction and promise that the maximum nominated amount
of PRD resources can be provided in the delivery year. PRD
providers participating in the Base Residual Auction or Third
Incremental Auction are required to provide capacity-price
information in the Capacity Exchange system, i.e., the PRD
Nominal capacity that the PRD provider is willing to provide
at different reservation prices. PJM determines the capacity
of the PRD resource based on the capacity-price information
provided by the PRD provider and the clearing price value.
When it is less than or equal to the clearing price, the PRD
provider will provide its committed PRD capacity in the
delivery year. If a PRD provider cannot deliver the capacity
promised in the Base Residual Auction or Third Incremental
Auction, the PRD obligation can be transferred to another
PRD provider bilaterally to avoid penalty.

In the capacity market, the PRD providers can provide
PJM with LMP-anticipated peak load curve of PRD, with
an indication of the electrical node to which the resource
belongs, prior to the Base Residual Auction (three years in
advance) or the incremental auction (three or four months in
advance). PRD providers calculate the non-incremental curve
by examining the load maximum of PRD resources at differ-
ent retail electricity prices and considering the relationship
between LMP and retail electricity prices. To ensure the relia-
bility of system operation, PJM negotiates with PRD resource
providers that the load level of PRD resources shall not be
higher than the Maximum emergency load level (MESL)
when the LMP is greater than or equal to a certain threshold.
In Figure 2, this price threshold is $2,000/(MWh) for a PRD
resource with aMESL of 875MW.During the operating year,
when the LMP reaches $2,000/(MWh) or more, the PJM has
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FIGURE 2. Sample of LMP-forecasted peak load curve of PRD.

the authority to issue a load curtailment order to 875 MW if
the PRD resource’s load level is higher than 875 MW.

As the energy market and capacity market make modifi-
cation based PRD resources to the original load forecasting
curve, the total market clearing capacity is affected, and the
demand for power generation capacity is reduced. In this way,
the market clearing price is reduced, and the operation cost of
power grid is reduced. The impact of PRD on themarket price
is implicit: as the energy market and capacity market make
modification based PRD resources to the original load fore-
casting curve, the total market clearing capacity is affected,
and the demand for power generation capacity is reduced.
In this way, the market clearing price is reduced, and the
operation cost of power grid is reduced.

The profits obtained by PRD resource providers is also
implicit. Unlike DR resources participating in RPM, PRD
resources participating in the capacity market do not receive
direct financial remuneration, and the profits obtained by
PRD resource providers are reflected in the reduction of
electricity consumption costs. In addition, in order to encour-
age PRD resources to participate in the capacity market,
PJM appropriately reduced charges of the capacity obliga-
tion assessment and reserve obligation assessment of PRD
resources.

The development of PRD has formed a win-win situation
among power regulatory authorities, power grid operators and
users. For the power regulatory authorities, the implemen-
tation of PRD is a great opportunity to promote advanced
measurement technology and improve demand-side infras-
tructure automation. For power grid operator, PRD, a form of
DR resources, can be used as an effective supplement to the
existing form of demand side resource utilization, so that DR
resources can participate in the market as power generation
resources through aggregation, so as to help PJM modify
the load model and reduce operating costs. For power users,
the implementation of PRD directly saves power costs and
provides a new way to participate in DR program.

3) EP DR RESOURCES PARTICIPATE IN RPM
EP DR resources are subject to mandatory load shedding
in the delivery year, and the DR provider receives capacity
gains regardless of whether the DR resources is invoked or

not. The EP DR resources of the capacity market that have
not been invoked must be subject to the mandatory test of
PJM to check whether they have the ability to provide the
corresponding capacity obligations. If they fail to provide
the capacity reduction as required, they will be punished
accordingly.

As mentioned in the section III-B1, the capacity mea-
surement and verification for DR resources can be grouped
into two types: Firm service level (FSL) and guaranteed
load drop (GLD). The customer’s load level is maintained
within a pre-determined limit when the customer providing
FSL service is notified by the CSP Market Operations Cen-
ter or agency. Determine the capacity reduction. When the
user receives the notice from CSP market operation center
or institution, the load reduction reaches the predetermined
capacity value. Under the GLD mode, load reduction is usu-
ally provided by the customer’s own generators or shutdown
equipment. In the final determination of the response capacity
of the EP DR project, the influence of network loss factor and
peak load contributions (PLC) must be considered, and the
extent of their influence is accounted for by the EDC at the
registration stage.

a: INFORMATION REQUIRED FOR DR RESOURCES TO
PARTICIPATE IN THE CAPACITY MARKET
DR When participating in RPM auctions, resource providers
are required to submit the following information:
• The account information, i.e. EDC account number,
Zone, etc.

• Information used to establish the specified EP level,
includes PLC,Winter Peak Load (WPL), EDCLoss Fac-
tor, notification period (30min, 30-60min, 60-120min),
FSL data, and GLD data.

• The name of DR resources
• The types of the EPDR products (including Limited DR,
Extended Summer DR, Annual DR, Base Capacity DR,
Capacity Performance DR, Summer Period DR), and
detailed introduction is shown in Table 2.

b: KEY PARAMETERS FOR DR RESOURCE PARTICIPATING IN
CAPACITY
The Installed capacity (ICAP) and the unforced capac-
ity (UCAP) of DR resources are the two key parameters
that determine the performance of DR in RPM auction. The
ICAP of DR resources is equivalent to the installed capac-
ity of traditional generators, which refers to the maximum
load reduction of end users. The determination process of
this value is the determination process of users’ capacity
obligations. UCAP is equivalent to the available capacity of
conventional generators, i.e., the remaining available gener-
ation capacity at any given time after discounting the gen-
eration capacity that is not available due to accidents (e.g.,
maintenance, etc.). In addition, considering that DR is load
shedding on the customer side, its contribution to the system
capacity also needs to be discounted to the generation side.
Therefore, relevant discounting parameters such as system
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TABLE 2. The definitions and features of the EPP DR products.

loss adjustment factors are established by the DR resource
provider in the customer contract based on the customer’s
geographical location. For FSL product and GLD product,
ICAP is calculated by the following expressions respectively:

ICAP_FSL = PLC − (FL × λLoss) (1)

ICAP_GLD = GLD× λLoss (2)

where, FL refers to the firm service level; λLoss is the loss
factor to account for capacity as determined by the EDC to
which the customer belongs; GLD is described as guaranteed
load drop; PLC refers to the peak load contribution assigned
by the EDC to which the customer belongs, and is expressed
as the average of the account’s hourly peak load contributions
for the five hours designated by PJM as peak capacity hours.

The value UCAP of both FSL product and GLD product
are calculated by the following expressions:

UCAPFSL/GLD = ICAP× DRFactor × FPR (3)

where, FPR refers to the forecast pool requirement and
DRFactor is expressed as DR factor Starting with the
2018/2019 delivery year, DRFactor is removed from the
calculation of the UCAP value.

c: NOTIFICATION PERIOD OF DR RESOURCES
For each type of EP DR program (FSL, GLD), there are three
notification periods as follows:
• 30 Minute Lead Time (Quick Lead): Need to be com-
pleted within 30 minutes from the time the dispatcher
notifies the Market Operations Center of the power
restriction.

• 60 Minute Lead Time (Short Lead): Need to be com-
pleted within 30 minutes and less than 1 hour from
the time the dispatcher notifies the Market Operations
Center of the power restriction.

• 120 Minute Lead Time (Long Lead): Need to be com-
pleted within 1 minutes and less than 2 hour from
the time the dispatcher notifies the Market Operations
Center of the power restriction.

Usually, the default lead time is 30 minutes, unless the CSP
has physical constraints and other special circumstances that
require a 60-minute or 120-minute lead time request to PJM.

d: MEASUREMENT OF THE EXECUTION EFFECTIVENESS OF
DR RESOURCE
The effectiveness of the DR program depends on whether
or not the customer reduces the contracted capacity of the
load during the event time, and is characterized by the dif-
ference between the contracted capacity and the average of
load reduction during the response period. Next, the mea-
surement approaches of FSL program and GLD program are
introduced.

CSPs that choose the FSL program are required to submit
24-hour load data to PJM at the end of the DR event, and the
load reduction is calculated as shown below.

Pred_FSL = PLC − Pact_FSL × α (4)

where, Pred_FSL and Pact_FSL refer to the load reduction and
the actual load for FSL program respectively;PLC is the peak
load contribution.

CSPs that choose the GLD program are required to submit
to PJM the 24-h load data and the comparative load capacity
curve corresponding to the event after the DR event, and the
load reduction is calculated as:

Pred_GLD = min
((
PC − Pact_GLD

)
×α,PLC − Pact_GLD × α

)
(5)

where, Pred_GLD and Pact_GLD are defined as the load reduc-
tion and the actual load for GLD program respectively; PC is
the value of the comparative load capacity curve submitted by
CSP; α refers to the adjustment factor to account for capacity
loss.

e: SETTLEMENT FOR DR RESOURCES IN CAPACITY MARKET
The DR resources cleared in RPM will have corresponding
incentive compensation, which is equal to the product of
capacity clearing price times clearing capacity. In the capacity
delivery year, the DR resources invoked by PJM will be
punished if they fail to complete the pre-committed capacity,
and may be rewarded for exceeding the obligations. For the
DR resources that fail to complete the reduction obligations,
the penalty will be calculated according to the product of the
penalty rate of the LM project in the region times the incom-
plete reduction. If a time when load reduction is required has
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not occurred by August 15 of that delivery year, PJM shall
organize a test to simulate the issuance of a load reduction
signal to test the effectiveness of the response. CSPs that fail
to meet capacity reduction requirements during the event or
test period will be required to pay a penalty.

4) COMPARATIVE ANALYSIS OF PRD AND EP PRODUCTS
PARTICIPATING IN THE CAPACITY MARKET
The participation of PRD resources in the capacity market
is completely different from the participation of EP Products
in the capacity market. Firstly, EP Products participate in
the capacity market as a generation resource, while PRD
resources participate in the market as a predictable variable
load. Second, in terms of the form of participation in the
market, EP Products receive the corresponding remunera-
tion when participating in the capacity market, while PRD
resources but are reflected in the reduction of electricity
consumption costs and have no direct remuneration. Third,
EP Products can participate in the Base residual auction,
the three Incremental actions, the Conditional incremental
actions, and the Bilateral Market, while PRD resources only
participate in the Base residual auction, the third incremental
auction and Bilateral Market. Fourth, in terms of scheduling,
EP Products are scheduled by PJM, while PRD resources
are scheduled by self-scheduling. Finally, in order to encour-
age PRD resources to participate in the market, PJM appro-
priately reduces the capacity obligation assessment fee and
standby obligation assessment fee for PRD resources.

5) OVERALL TREND IN THE PJM CAPACITY AUCTIONS
a: THE COMMITTED CAPACITY AND EVOLUTION OF DR
PRODUCTS
With the great improvement of the DR technology, the appli-
cation of DR in the PJM power market is becoming more
and more widespread. DR occupies an important position in
the PJM capacity market. Figure 3 describes the commit-
ted capacity of DR providers in the PJM market since the
2007/2008 delivery year [29]. During the initial operation
stage of RPM market, namely, 2007 to 2012, DR resources
participated in the capacity market in two ways, one by
offering emergency DR in the forward market and the other
by participating in the incremental auction as interruptible
load for reliability (ILR) closer to the delivery year [30].
In addition, as can be seen from the Figure 3, the share of
Limited-ILR was much larger than that of Limited-DR in that
period. However, as Limited-ILR grew from below 2 GW in
2007/2008 delivery year to nearly 9 GW in 2011/2012 deliv-
ery year, concerns began to emerge about its impact on the
integrity of forward capacity auctions. Therefore, PJM ended
the Limited-ILR, and from 2012 to 2013, all DR resources
were required to participate in the forward auction. This is the
reason why Limited-ILR skyrocketed from just 2,425 MW in
the 2011/2012 delivery year to 7,361 MW in the 2012/2013
delivery year [31]. It can be seen from the figure that since

then, the committed capacity of Limited DR has remained
almost unchanged until the 2016/2017 delivery year.

As mentioned above, the mechanism by which customers
offer Limited-DR products agree to interrupt power supply
only 10 times in a year for a maximum of 6h each time
exposes a flaw in the market design. As the capacity cleared
by Limited-DR providers at RPM auctions increases, the
probability that paid capacity users will need that capacity
also increases. In this case, the capacity that Limited-DR can
provide is actually insufficient, and such a shortfall means
that such demand resources sold in the RPM market are less
expensive in terms of meeting market demand. The cost of
providing such resources is also lower compared to annual
DR or generation capacity. And if Limited-DR resources that
are required to provide the same level of benefit obligation
as generation or Annual-DR products will again be offered
at a higher price than they are currently. In addition, the
limited dispatchability of the Limited-DR resources led to the
reliability of the system cannot be guaranteed.

To address this question, PJM had significantly reduced
the procurement cap for Limited-DR and the lead time had
been reduced from 2 hours to 30 minutes. In this way,
since the 2017/2018 delivery year, the committed capacity
of Limited-DR began to to drop dramatically. It decreased
by 68.9% and 79.8% year-over-year in the 2017/2018 and
2018/2019 delivery year, respectively. There was another
reason for this result, namely, the low clearing price of the
auction market in 2016/2017 played an important role [32].

In the 2016/2017 delivery year, the Capacity Perfor-
mance (CP) DR is defined by PJM [33]. This is a mea-
sure based on avoiding generation resources that are unable
to provide service under extreme conditions and improving
the stability of emergency resources throughout the year.
During the extreme cold weather in January 2014, approx-
imately 22% of generation resources in the PJM electricity
market was unavailable to serve customers. This indicates
that the power system needs stronger incentives to guaran-
tee year-round performance stability of emergency capacity
resources. As a result, PJM designed CP to improve system
reliability by guaranteeing that resources are always available
when needed. However, in the 2018/2019 and 2019/2020
delivery year, most of the DR products cleared in the auction
market are Base Capacity DR [34]. CP resources with higher
scheduling requirements in the 2018/2019 and 2019/2020
delivery years accounted for only 10.5% and 6.5%, respec-
tively. As can be seen in the Figure 3, the Base capacity and
CP products, respectively, is nearly that of the sum of the
extended summer and Limited-DR, and that of the amount
of Annual DR in the 2017/2018, 2018/2019 and 2019/2020
delivery years. It may imply that there still existed some
challenges for DR providers to offer the resources with high
performance required at that time. To encourage the the DR
providers to offer more resources with high performance and
improve the stability of emergency resources, in June 1, 2020,
capacity performance would be the only offer for PJM’s
Emergency Capacity program. Just as shown in the figure,
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TABLE 3. Comparative analysis of PRD and EPP products participating in the capacity market.

there is no committed capacity since the 2020/2021 delivery
year.

b: THE PENALTIES OF DR PRODUCTS
As previously mentioned, in the delivery years, emergency
DR resources called by PJM that do not meet their committed
capacity are subject to penalties. For DR resources that do
not complete reductions, the penalty will be calculated as the
product of the load management program penalty rate for the
region in which they are located and the amount of reductions
not completed.

When DR resources are not scheduled during the manda-
tory scheduling period, in addition to receiving a penalty,
the CSP must test their portfolio to meet capacity commit-
ment levels. the CSP chooses a weekday as the test day to
conduct the one-hour test. Of course, test compliance is not
an accurate representation of the resources’ ability to cope
with actual conditions. The ability of resources to respond
to actual PJM dispatches. Given that the demand resource is
now an annual product, multiple tests are required to ensure
responsiveness throughout the year.

The committed Shortfall of DR resources is determined
by many factors, such as the load shedding capability of DR
resources, clearing capacity, etc. Some DR resources with
large clearing capacity may have a relatively large Shortfall.
In addition to the amount that DR resources are willing to
provide, the clearing capacity is also related to the capacity
cap specified by PJM. In other words, there is a great uncer-
tainty in the amount of shortfall of DR resources. Therefore,
the Shortfall of DR resources will not be analyzed in detail
here.

Table 4 gives the average penalty rate paid per MW in
2016/2017, 2017/2018, 2018/2019/, and 2019/2020 delivery
years [35]. As can be seen from the table, the value of CP
in delivery year 2020/2021 decreased significantly compared
to delivery year 2017/2018, by about 33%. This is due to an
incentive proposed by PJM to encourage DR resources to pro-
vide more CP resources with higher capacity performance.
For Limited-DR, it can be seen that the average penalty rate
paid per MW fluctuated widely in 2016/2017, 2017/2018,
2018/2019/ delivery years. As shown in the table, the penalty
rate has increased significantly from 124.08 in the 2017/2018
delivery year to 179.8 [34]. This would greatly reduce the
incentive for DR resource providers to actively bid in the next
auction, so it is speculated that this may also be a measure to
phase out limited DR.

TABLE 4. The average penalty rate paid ($/MW).

c: THE ORGANIZATION OF DR RESOURCES PROVIDING
REDUCTION CAPACITY
DR resources in the PJM market mainly consist of on-site
generation, heating, ventilation and air conditioning (HVAC),
refrigeration, lighting, manufacturing, water heating, and
other (batteries or plug load). Figure 4 describes the percent
of DR resources providing reduction capacity [36]. It can
be seen that manufacturing has always been the main com-
position of DR resources, accounting for nearly half of the
total, and the overall trend to maintain a small increase.
It implies that the development of the manufacturing industry
has certain improvement. The other major composition of DR
resources is HVAC. However, as shown in the Figure 4, the
share of HVAC has decreased by about 10 percentage points
in the last 2 years. Overall, both manufacturing and HVAC
have a combined share of over 70%. Refrigeration, water
heating and other have always had a smaller share of no more
than 5%. As mentioned above, The PRD mechanism allows
some small end-users with poor communication devices to
participate in the RPM market since 2020. However, it can
be found that there is no increasing for lighting. Perhaps
this is due to the low level of PRD resources participating
in the market, as shown in the Figure 3. Overall, there has
been essentially no wide change in the composition of DR
resources since the 2016/2017 delivery year to now.

As mentioned above, DR resources have 2 options when
participating in the capacity market: emergency capacity only
and emergency full (capacity and energy). However, most
DR resource providers will choose the second option. In the
delivery year 2021/2022, 98.1% of DR resource providers
choose the secondmodel, and 1.9% choose emergency capac-
ity only [38]. DR resources that choose the emergency full
model can participate in the energy market, reserve mar-
ket, capacity market, regulation market to obtain revenue.
Figure 5 gives the revenue earned by DR resources partici-
pating in each electricity market from January to September
2008 since the establishment of the RPM mechanism for the
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FIGURE 3. The committed capacity of DR providers in the PJM’s capacity market since the 2007/2008 delivery year.

FIGURE 4. The percent of DR resources providing reduction capacity [37].

years 2018 to 2021. As can be seen from the figure, although
the emergency full model is chosen by most DR resources,
the capacity market is the main source of revenue for DR
resources. Since 2008, DR resources providers’ revenue from
the capacity market has exceeded 75% of total revenue, with
a maximum of over 99%, such as in 2016, 2017, 2019, and

2020. It is clear that the capacitymarket is themost significant
source of revenue for DR resources to participate in many
markets.

The application value in power systems of DR is now
widely recognized, and all parties in the industry have a pos-
itive attitude toward the prospect of DR [39]. However, from
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the situation of DR project development in China, the enthu-
siasm of DR project development is still not high. The main
reason is that DR projects require a large amount of capital
investment, and the current DR projects in China mainly rely
on government subsidies to compensate DR providers, and
the compensation amount is far from covering the investment
cost. Based on the experience of the PJM power market, the
development of DR in the capacity market should be actively
explored in the future.

C. DISCUSSIONS
Although the capacity market is a key development direc-
tion for DR resources in the future, it must be mentioned
that DR resources participating in the capacity market also
faces uncertainties and certain revenue risks. On the one
hand, looking at auction results over the last decade or so,
PJM’s DR revenues have fluctuated significantly, declining
nearly 40% from 2010 ($500 million) to 2012 ($320 million),
and growing to $800 million in 2015. This issue could lead
to a significant reduction in the incentive for DR resource
providers to participate in the capacity market and affect the
development of DR resources. At the same time, it is not
conducive to the optimal allocation of resources. This may be
an important issue that PJM or other countries or regions need
to focus on when DR resources participate in the capacity
market.

On the other hand, the strategy of forward planning prior to
several delivery years is another challenge. For DR resources,
this means risks in terms of resource development and capac-
ity performance. Capacity cost is calculated by subtracting
the expected net benefits in all PJM markets from the total
cost of new incoming capacity. Net revenue compensation
is the key link between the electric energy market and the
capacitymarket. The capacitymarket rulesmake the expected
net benefits equal to the 3-year average net benefits of indi-
vidual units or, in the case of new capacity, the 3-year average
net benefits of reference units of the same technology. 3-year
historical average price always deviates from actual. If the
state of the energy market can be remained relatively stable,
then it can provide a reasonable approximate estimated rev-
enue for the actual price of the capacity implementation year.
However, the energy market is unstable. Taking the capacity
auction as the point in time, the net revenue compensation is
referenced to the price of the first 3 years and the price of
the estimated next 3 years, and the time difference between
them is undoubtedly huge. If in one of the last 3 years the net
revenue is very high, then it will result in this 3-year average
exceeding the reasonable expectation of the net revenue at the
time of the auction now, or exceeding the net revenue actually
incurred in the capacity execution year, with the result that
the capacity market price is too conservative. The converse
is also true. One solution to this problem is to develop a
new forecasting tool that allows the forecasted energy market
and ancillary services market revenues to match more closely
with the expectations of investors during the capacity auction
period.

IV. DR RESOURCES PARTICIPATING IN THE UK
CAPACITY MARKET
A. INTRODUCTION TO THE UK CAPACITY MARKET
In 2014, as part of a new round of electricity market reform
measures, the UK government established the capacity mar-
ket to ensure the security of electricity supply [40]. The UK
capacity market consists of a primary market four years in
advance (T-4) and a fine-tuned market one year in advance
(T-1). Starting in 2020, the primary auctionmarket is changed
to three years in advance (T-3). All types of resources, includ-
ing power plants, DR resources, and energy storage, are
eligible to participate in the capacity market. Participants are
penalized if they do not deliver the agreed power when the
market requires it.

The UK capacity market is operated and organized by
National Grid. After assessing the load demand on the sys-
tem, National Grid organizes the auction of capacity and
purchases the corresponding capacity. The capacity market
can be classified into six operational stages as follows [41]:
• Determination of target capacity. The target capacity
is the traded capacity determined by the system operator
based on a reliability index of 3 hours/year load forecast
losses.

• Pre-qualification. The UK capacity market is ‘‘technol-
ogy neutral’’ and capacity eligible formarket application
includes both supply-side resources and demand-side
resources. Supply-side resources are divided into stock
and new-build units.

• Auctions. Auctions are organized four years in advance
of the delivery year to determine capacity prices and
units to be cleared. Fine adjustments can be made in the
auction one year prior to delivery.

• Private Trading. Capacity suppliers can trade in the
private market during the period after the end of T-4 and
before the start of T-1.

• Deliveries. Suppliers commit to deliver power from
October 1 of the delivery year to September 30 of the
following year. Oversupply and undersupply will be
subject to incentives and penalties accordingly.

• Settlement. Capacity settlement costs are borne by the
power sales company and are based on its share of the
electricity market in the delivery year.

B. ANALYSIS OF AUCTION RESULTS FOR DR RESOURCES
As the penetration of renewable energy increases, the high
intermittency of renewable energy units and the poor schedul-
ing flexibility put higher requirements on peak shaving and
maintaining smooth grid operation. Therefore DR resources
are expected to play a key role in improving system flexibility
and reducing system costs [42]. However, DR resources in
the UK have been at a disadvantage in terms of auction
results in the capacity market. The auction results are in stark
contrast to the early expectations of the UK capacity market
executives for DR resources to play a major role.

6 presents the auction results for DR resources in the
capacity market from 2014 to 2020. As the figure shows, the
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FIGURE 5. DR revenue by market from 2008 to 2021 [37].

share of contracts signed by DR resources in the capacity
market is quite small. As shown in the figure, the share of
DR resources in the capacity market in the primary auction
market from 2014 to 2020 is 0.35%, 1.3%, 2.69%, 0.39%,
2.39%, and 1.19%, respectively [16].

From 7, it can be seen that the UK capacity market in
2024/2025 delivery year DR resources clear capacity of
about 1066 MW, accounting for 2.61% of the total clear
capacity, of which 0.23% and 2.38% are verified and unveri-
fied DR resources, respectively [43]. It is worth noting that
the capacity of DR resources auction is much higher than
that of wind power, because most wind power in the UK is
subsidized, and subsidized wind turbines are not allowed to
participate in the capacity market.

C. REASONS FOR THE UNSATISFACTORY AUCTION
RESULTS OF DR RESOURCES IN THE UK CAPACITY
MARKET
There are many perspectives on the reasons for the unsatis-
factory auction results of DR resources in the UK capacity
market. Specifically, they can be summarized in the following
three aspects.

• The first is the high bid bond mechanism. In terms of bid
bond, it is not designed to be applied to small resources
such as DR resources. The high bid bond amount dis-
courages many DR resources from participating in the
capacity market based on their investment strategy.

• The second is the cumbersome pre-qualification pro-
cess and the inadequate DR testing arrangements. Many
DR resources are excluded because the pre-qualification
process is too stringent and DR resources are not able to
complete testing in a short period of time.

• The third is the problem caused by the Dutch-style
price reduction auction method [44]. The Dutch-style

reduced-price auction method has the feature of high
efficiency. However, the need to provide information to
the market during the auction process gives generators
the ability to manipulate market prices when a few
larger generators monopolize the market (the top six UK
generators and the second tier owned 96% of the UK’s
generation capacity as of 2012). As a result, many DR
resources are forced out of the capacity market because
they cannot compete with them.

In November 2018, the UK capacity market was suspended
from the capacity auction scheme by the European Court of
Justice, requiring a revision of the capacity market rules, but
the EU found no evidence of a bias in the capacity market
in favour of generators [45]. In May 2020, the relevant regu-
lators revised the rules with the aim of removing barriers to
the deployment of DR projects [46]. The rule amendments
mainly include the possibility for DR resources to bid for
agreements of all durations in the capacity market, provided
they can be pre-qualified and provide the corresponding proof
of capital expenditure, in addition to lowering the minimum
capacity threshold for bidding (Drop from 2 MW to 1 MW).

D. SUGGESTED IMPROVEMENTS FOR DR RESOURCES TO
PARTICIPATE IN THE UK CAPACITY MARKET
DR resources will certainly occupy an important position
in the future under the new-type power system [47]. The
current design ofmarket mechanism is extremely unfavorable
to the development of DR resources. Therefore, in order to
stimulate the development of DR resources so that they can
provide sufficient flexible services in the new-type power
system in the future, it is necessary to take some measures
to change the current situation.

On the one hand, the design of the market mechanism
is tilted toward DR resources. It is important to design
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FIGURE 6. Auction Results of DR resources in the UK Capacity Market from 2014 to 2020. Note: (1) The second data for
2018 and the data for 2017 in the chart above is different from the others. They are the auction result for T-1, while the
other data are the primary market auction results for T-4. (2) The capacity market is suspended for 2019.

FIGURE 7. Auction results for the UK Capacity Market in 2024/2025 Delivery Years.

mechanisms that are different from other generation
resources based on the characteristics of DR resources. For
example, the bid bond system should bemodified to lower the
amount of the bond so that DR resources can afford the cost.

In addition, appropriate modifications should be made in the
pre-qualification process and testing arrangements [48].The
specific method of DR testing is to analyze the current load
adjustable amount compared with the average load during
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the reference period. There is a division into verified and
unverified based on participating in the test. unverified DRs
can also participate in the capacity market, but need to pass
the test before capacity delivery. Failure to pass the test and
validation before the delivery date is subject to a penalty.
This measure ensures the performance of DR resources while
allowing more resources to participate in the capacity market.

On the other hand, two measures can be taken to address
the problem of market price manipulation by the six major
generators and the second tier. One is to establish a third-party
regulator to oversee the development of capacity mar-
ket policies. Examples include the Committee on Climate
Change (CCC) and the National Infrastructure Commission
(NIC). These two bodies have roles primarily in high-level
decarbonization and infrastructure planning, respectively.
Although neither the CCC nor the NIC has specific authority
or capacity to provide detailed advice on energy policy, the
state needs to consider the views and recommendations of
both bodies when making relevant decisions. Second, it is
important to gather the various types of participants in the
capacity market to discuss and develop rules to ensure the
interests of each party. In market-based power system man-
agement, there is a structural dependence of the government
on the energy industry. Since only a small number of mar-
ket players outside of generation resources are involved in
making decisions, non-interested parties can be appropriately
introduced into the decision making to ensure the fairness of
the decisions.

V. SUGGESTIONS FOR DR RESOURCES PARTICIPATING
IN CAPACITY MARKET
Although DR resources can participate in the capacity market
as capacity resources to provide electricity capacity value.
However, the response characteristics of DR resources are
complex, and they cannot provide fixed capacity at all times
like generating units [49]. Therefore, the mechanism for DR
resources to participate in the capacity market is also more
complex. This section will analyze several key issues for DR
resources participating in the capacity market.

A. DESIGN OF DIVERSE CAPACITY PRODUCTS
In addition to capacity performance products, there are also
basic products (2018/2019 and 2019/2020 delivery years) and
summer-period products (2020/2021 delivery years) in the
PJM capacity market. Compared with the stringent require-
ments of capacity performance products, basic products and
summer period products are only valid for part of the time,
which can fully utilize the seasonal characteristics of DR
resources. In addition, a single DR capacity product is prone
to power shortages due to lack of flexibility from an oper-
ational point of view, which is not conducive to long-term
stable grid operation. Diversified DR capacity products can
compensate when one of them is unable to provide capacity
services. Therefore, in the mature stage of capacity mar-
ket development, the capacity products should be designed
with reference to the PJM market, so that the flexibility

and responsiveness of each resource can be fully utilized to
maintain the stable operation of the system from different
dimensions. On the other hand, the standardized design of
capacity products will also facilitate the overall management
of the market.

B. EVALUATION OF IMPLEMENTATION EFFECTIVENESS
The investigation and evaluation of DR resources is a funda-
mental task that should be taken seriously, and the project
supervision department should strengthen the audit of DR
resources. Unlike traditional power resources, DR resources
have greater uncertainty, so it is necessary to analyze and
evaluate the effect of implemented DR resources and, on this
basis, to strictly review the load reduction capacity of DR
resources. In PJM capacity market, registered CSPs are
strictly reviewed by PJM for load shedding capacity based on
historical usage data and relevant factors provided by LSEs
and EDCs when participating in the electricity market. It is
necessary for government management departments as well
as power dispatching agencies and market operators to have
a detailed understanding of the total amount of DR resources
and the characteristics of resources by type. On the one
hand, it is necessary to investigate and evaluate the resource
potential by sector, and include the scattered load resources
that have not been considered in the past into the scope of
investigation and evaluation. On the other hand, it is neces-
sary to judge the technical feasibility of each type of load to
participate in DRmarket. Finally, the technical characteristics
of each type of DR should be evaluated and the value should
be assessed in the context of the proposed market. On the
basis of the above resource evaluation, a DR resource pool
should be established by province (district, city) region, and
the available DR resources should be included in the power
development planning and annual power balance program.

C. INCENTIVIZE SMALL USERS TO PARTICIPATE IN THE
MARKET WITH AGGREGATED RESOURCES
From the user’s point of view, small DR resources participate
in the market as aggregated resources, which can allow more
market members to participate in the market and enable users
to gain considerable benefits. On the other hand, the partic-
ipation of small DR resources in the market in the form of
aggregated resources can reduce the calculation and settle-
ment pressure of market operators. In 2001, PJM established
a mechanism to participate in DR market in the form of
CSP, which greatly facilitated the development of DR. Since
individual users lack specialized knowledge in DR and dif-
ferent users may show different levels of response at different
times, the effectiveness of DR execution by individual users
fluctuates greatly [50]. Through the aggregation of different
users by CSP, the users who have over-completed the reduc-
tion plan and those who have not completed the reduction
plan can offset each other, and the execution effect of DR is
more stable, which is conducive to the unified scheduling of
resources and can greatly improve the efficiency of the pro-
cess of subscription, response, and settlement in the execution
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of DR projects. Almost 85% of the DR types in PJM in recent
years have been in the form of CSP every year. This situation
cannot be separated from the support of the U.S. government.
The U.S. has been cultivating load aggregators for many
years, with more policy support, making it a more mature
profit model even in the early years, such as allowing load
aggregators to gain revenue by providing various services.
In order to cultivate more load aggregators and incentivize
small resources to participate in the capacity market in the
form of aggregated resources, it is necessary to improve
the cultivation mechanism and financing mechanism of load
aggregators by introducing corresponding policies and giving
full play to the role of market management of third-party
service companies.

D. MEASUREMENT OF IMPLEMENTATION EFFECTIVENESS
As an important evaluation basis for DR projects, the baseline
load of users is an important guideline for the development of
reasonable subsidy settlement criteria [51]. At present, there
are a lot of international research results in baseline load
analysis. The Association of Edison Illuminating Companies
Load Research Committee has proposed a load baseline anal-
ysismethod based onDR dynamicmeasurement data, expect-
ing to evaluate the curtailed power and electricity through
data interaction.The difference between the customer’s load
baseline and the actual electric load curve is the customer’s
load reduction [52]. However, in the actual system measure-
ment, the estimation of load baseline is often inaccurate.
If the customer’s load baseline is overestimated, the utility
or aggregator will have to pay extra for it. On the contrary,
if the customer baseline is underestimated, the customers
participating in the market will not be able to obtain the
due benefits [53]. In the long run, this will seriously attack
the enthusiasm of customers to participate in the power grid
interaction, and is not conducive to the cultivation and healthy
development of the market [54]. At present, for small residen-
tial customers, metering and settlement ismore difficult, there
are also relevant research in considering through blockchain
and other new information communications technology to
solve the problem [55]. In the future, it is also necessary
to fully integrate the electricity market environment and the
development of relevant policies to further study the baseline
load calculation strategy, and develop a variety of baseline
load calculation methods according to the nature of the user,
such as reference to year-on-year data, to ensure that DR users
can obtain reasonable benefits.

VI. CONCLUSION
As the only two countries in the world where DR resources
participating in the capacity market, the experience and
lessons learned from the US and the UK are of great refer-
ence significance to other countries and regions in the sub-
sequent development and construction of DR resources and
capacity markets. This study first analyzes the importance of
DR resources participating in the capacity market from two
perspectives: the development of DR resources and system

generation capacity adequacy. Secondly, the mechanism
design of DR resources in the US capacity market is analyzed
in detail, and the auction situation of DR resources since
their participation in the capacity market is introduced. Then,
the development status and dilemma of DR resources in the
UK capacity market are analyzed in detail, and the corre-
sponding suggestions for improvement measures are given.
Finally, suggestions are given for common problems in the
participation of DR resources in the capacity market.

REFERENCES
[1] G. N. Paterakis, O. Erdinç, and J. P. S. Catalão, ‘‘An overview of demand

response: Key-elements and international experience,’’ Renew. Sustain.
Energy Rev., vol. 69, pp. 871–891, Mar. 2017.

[2] D. Stanelyte, N. Radziukyniene, and V. Radziukynas, ‘‘Overview of
demand-response services: A review,’’ Energies, vol. 15, no. 5, p. 1659,
2022.

[3] S.-H. Park, A. Hussain, and H.-M. Kim, ‘‘Impact analysis of survivability-
oriented demand response on islanded operation of networked microgrids
with high penetration of renewables,’’ Energies, vol. 12, no. 3, p. 452,
Jan. 2019.

[4] P. Herath and G. K. Venayagamoorthy, ‘‘Scalable residential demand
response management,’’ IEEE Access, vol. 9, pp. 159133–159145, 2021.

[5] L. Song, D. Liu, and B. Pang, ‘‘Mechanism of demand-side resource
participation in the electricity market and typical case practice review,’’
J. Global Energy Interconnection, vol. 4, no. 4, pp. 159133–159145, 2021.

[6] B.Wand, L. Kang, andX.Miao, ‘‘Analysis and enlightenment of renewable
energy and demand response participating in UK and US capacity markets
considering capacity credibility,’’ Power Syst. Technol., vol. 46, no. 4,
2022.

[7] Y. Zhou, P. Mancarella, and J. Mutale, ‘‘Framework for capacity credit
assessment of electrical energy storage and demand response,’’ IET Gener.,
Transmiss. Distrib., vol. 10, no. 9, pp. 2267–2276, 2016.

[8] S. Nolan, O. Neu, and M. O’Malley, ‘‘Capacity value estimation of a load-
shifting resource using a coupled building and power systemmodel,’’ Appl.
Energy, vol. 192, pp. 71–82, Apr. 2017.

[9] M. Á. Lynch, S. Nolan, M. T. Devine, and M. O’Malley, ‘‘The impacts
of demand response participation in capacity markets,’’ Appl. Energy,
vol. 250, pp. 444–451, Sep. 2019.

[10] K. Saxena and R. Bhakar, ‘‘Impact of LRIC pricing and demand response
on generation and transmission expansion planning,’’ IET Gener., Trans-
miss. Distrib., vol. 13, no. 5, pp. 679–685, Mar. 2019.

[11] S. L. Gbadamosi and N. I. Nwulu, ‘‘A multi-period composite genera-
tion and transmission expansion planning model incorporating renewable
energy sources and demand response,’’ Sustain. Energy Technol. Assess-
ments, vol. 39, Jun. 2020, Art. no. 100726.

[12] B. Vatani, B. Chowdhury, and J. Lin, ‘‘The role of demand response as an
alternative transmission expansion solution in a capacity market,’’ IEEE
Trans. Ind. Appl., vol. 54, no. 2, pp. 1039–1046, Apr. 2018.

[13] C. Susan, L. Peter, and S. Paul, ‘‘Demand response participation in orga-
nized electricity markets: A PJM case study,’’ in Smart Grid. Amsterdam,
The Netherlands: Elsevier, 2012, pp. 421–452.

[14] R. Walawalkar, S. Fernands, N. Thakur, and K. R. Chevva, ‘‘Evolution
and current status of demand response (DR) in electricity markets: Insights
from PJM and NYISO,’’ Energy, vol. 35, no. 4, pp. 1553–1560, Apr. 2010.

[15] Y. Liu, ‘‘Demand response and energy efficiency in the capacity resource
procurement: Case studies of forward capacity markets in ISO new
England, PJM and great Britain,’’ Energy Policy, vol. 100, pp. 271–282,
Jan. 2017.

[16] M. Lockwood, C. Mitchell, and R. Hoggett, ‘‘Incumbent lobbying as a
barrier to forward-looking regulation: The case of demand-side response in
the GB capacity market for electricity,’’Energy Policy, vol. 140,May 2020,
Art. no. 111426.

[17] M. Barancewicz and J. R. Lord, ‘‘Successful reduction of energy use
through participation in the PJM demand response program,’’ Energy Eng.,
vol. 107, no. 6, pp. 14–42, 2010.

[18] Y. Chen, L. Zhang, P. Xu, and A. Di Gangi, ‘‘Electricity demand response
schemes in China: Pilot study and future outlook,’’ Energy, vol. 224,
Jun. 2021, Art. no. 120042.

83866 VOLUME 10, 2022



J. Sun et al.: Experiences and Lessons Learned From DR Resources

[19] G. Zhang, S. Xue, andM. Fan, ‘‘Design of demand-response market mech-
anism in accordance with China power market,’’ Electr. Power Construct.,
vol. 42, pp. 132–140, Apr. 2021.

[20] J. McAnany, ‘‘2020 demand response operations markets activity report:
March 2021,’’ PJM Demand Side Response Oper., Tech. Rep., 2020.
Accessed: Mar. 5, 2021. [Online]. Available: https://www.pjm.com/~/
media/markets-ops/dsr/2020-demand-response-activity-report.ashx

[21] X. Fang, Q. Hu, R. Bo, and F. Li, ‘‘Redesigning capacity market to include
flexibility via ramp constraints in high-renewable penetrated system,’’ Int.
J. Electr. Power Energy Syst., vol. 128, Jun. 2021, Art. no. 106677.

[22] B. Ming, P. Liu, and L. Cheng, ‘‘An integrated framework for optimiz-
ing large hydro–photovoltaic hybrid energy systems: Capacity planning
and operations management,’’ J. Cleaner Prod., vol. 306, Jul. 2021,
Art. no. 127253.

[23] Electricity Market Report, Int. Energy Agency, Paris, France, 2020.
[24] H. A. Aalami, M. P. Moghaddam, and G. R. Yousefi, ‘‘Demand response

modeling considering interruptible/curtailable loads and capacity market
programs,’’ Appl. Energy, vol. 87, no. 1, pp. 243–250, 2010.

[25] S. Liu, T. Sun, and L. Si, ‘‘Capacity compensation mechanism for highly-
proportional renewable energy power systems,’’ Power Syst. Technol.,
vol. 46, no. 5, pp. 1780–1789, 2022.

[26] R. Wang, R. Liu, and Q. Liu, ‘‘Key design elements and implementation
effect analysis of ‘typical generation capacity market,’’’ in Price Theory
and Practice, no. 9. 2022, pp. 56–59.

[27] P. Cappers, C. Goldman, and D. Kathan, ‘‘Demand response in
U.S. electricity markets: Empirical evidence,’’ Energy, vol. 35, no. 4,
pp. 1526–1535, 2010.

[28] D. Yu, J. Wang, D. Li, K. Jermsittiparsert, and S. Nojavan, ‘‘Risk-averse
stochastic operation of a power system integrated with hydrogen storage
system and wind generation in the presence of demand response program,’’
Int. J. Hydrogen Energy, vol. 44, no. 59, pp. 31204–31215, 2019.

[29] Monitoring Analytics. 2008 State of the Market Report for PJM. Accessed:
Mar. 11, 2009. [Online]. Available: https://www.monitoringanalytics.
com/reports/PJM_State_of_the_Market/2008/2008-som-pjm-volume2-
sec5.pdf

[30] Monitoring Analytics. 2012 State of theMarket Report for PJM. Accessed:
Mar. 14, 2013. [Online]. Available: https://www.monitoringanalytics.
com/reports/PJM_State_of_the_Market/2012/2012-som-pjm-volume2-
sec5.pdf

[31] Monitoring Analytics. 2014 State of the Market Report for PJM. Accessed:
Mar. 12, 2015. [Online]. Available: https://www.monitoringanalytics.
com/reports/PJM_State_of_the_Market/2014/2014-som-pjm-volume2-
sec5.pdf

[32] Monitoring Analytics. 2017 State of the Market Report for PJM. Accessed:
Mar. 8, 2018. [Online]. Available: https://www.monitoringanalytics.
com/reports/PJM_State_of_the_Market/2017/2017-som-pjm-sec6.pdf

[33] Monitoring Analytics. 2017 State of the Market Report for PJM. Accessed:
Mar. 8, 2018. [Online]. Available: https://www.monitoringanalytics.
com/reports/PJM_State_of_the_Market/2017/2017-som-pjm-sec5.pdf

[34] Monitoring Analytics. 2019 State of the Market Report for PJM. Accessed:
Mar. 12, 2020. [Online]. Available: https://www.monitoringanalytics.
com/reports/PJM_State_of_the_Market/2019/2019-som-pjm-sec6.pdf

[35] Monitoring Analytics. 2022 Quarterly State of the Market Report
for PJM: January Through March. Accessed: May 12, 2022.
[Online]. Available: https://www.monitoringanalytics.com/reports/
PJM_State_of_the_Market/2022/2022q1-som-pjm-sec6.pdf

[36] Monitoring Analytics. 2021 Quarterly State of the Market Report for PJM:
January Through March. Accessed: Mar. 10, 2022. [Online]. Available:
https://www.monitoringanalytics.com/reports/PJM_State_of_the_Market/
2021/2021q1-som-pjm-sec5.pdf

[37] Monitoring Analytics. 2020 Quarterly State of the Market
Report for PJM: January Through March. [Online]. Available:
https://www.monitoringanalytics.com/reports/PJM_State_of_the_Market/
2020/2020-som-pjm-sec5.pdf

[38] J. McAnany. 2021 Demand Response Operations Markets Activity
Report: January 2022. Accessed: Mar. 9, 2022. [Online]. Available:
https://www.pjm.com/-/media/markets-ops/dsr/2021-demand-response-
activity-report.pdf

[39] H. Chen and C. Lai, ‘‘Present situation and prospect of China’s power
demand response development,’’ Electr. Energy, vol. 42, pp. 87–90, 2021.

[40] X. Wang and L. Chunyang, ‘‘Preliminary analysis of U.K. low carbon
electricity market reform,’’ Autom. Electr. Power Syst., vol. 38, no. 13,
pp. 10–17, 2014.

[41] L. Zhang and C. Tang, ‘‘Applicability analysis of British capacity market
mode in China,’’ Electr. Power Construct., vol. 37, no. 3, pp. 124–128,
2016.

[42] Element Energy. Demand Side Response in the Non-Domestic Sector.
Accessed: Jul. 31, 2012. [Online]. Available: http://www.element-
energy.co.uk/wordpress/wp-content/uploads/2012/07/Demand-Side-
Response-in-the-non-domestic-sector.pdf

[43] Provisional Auction Report-2020 Four Year Ahead Capacity Auction (T-4),
Nat. Grid ESO, London, U.K., 2021.

[44] X. Chen, X. Zang, and Y. Song, ‘‘Analysis and enlightenment of U.K.
electricity capacity market,’’ Power Syst. Eng., vol. 35, no. 2, pp. 80–82,
2019.

[45] S. Evans. What Next for UK Capacity Market After Surprise EU Rul-
ing? [Online]. Available: https://www.carbonbrief.org/qa-what-next-for-
uk-capacity-market-after-surprise-euruling

[46] M. Lempriere. Barriers for Storage and DSR Removed From
the Capacity Market. [Online]. Available: https://www.current-
news.co.uk/news/barriers-for-storage-and-dsrs-removed-
fromthecapacity-market

[47] C. Wang, Z. Shi, and Q. Li, ‘‘Key technologies and prospects of demand-
side resource utilization for power systems dominated by renewable
energy,’’ Autom. Electr. Power Syst., vol. 45, no. 16, pp. 37–48, 2021.

[48] F. Hou, X. Wang, and T. Sun, ‘‘Capacity market design in the United
Kingdom and revelation to China’s electricity market reform,’’ Autom.
Electr. Power Syst., vol. 39, no. 24, pp. 1–7, 2015.

[49] E. Koliou, C. Eid, J. P. Chaves-Ávila, and R. A. Hakvoort, ‘‘Demand
response in liberalized electricity markets: Analysis of aggregated load
participation in the German balancing mechanism,’’ Energy, vol. 71,
pp. 245–254, Jul. 2014.

[50] D. Chattopadhyay, M. Bankuti, M. D. Bazilian, F. de Sisternes, S. Oguah,
and M. J. M. Sanchez, ‘‘Capacity planning model with CSP and battery,’’
in Proc. IEEE Power Energy Soc. Gen. Meeting (PESGM), Aug. 2018,
pp. 1–5.

[51] E. A. O. Batlle, J. C. E. Palacio, E. E. S. Lora, A. M. M. Reyes,
M. M. Moreno, and M. B. Morejón, ‘‘A methodology to estimate baseline
energy use and quantify savings in electrical energy consumption in higher
education institution buildings: Case study, Federal University of Itajubá
(UNIFEI),’’ J. Cleaner Prod., vol. 244, Jan. 2020, Art. no. 118551.

[52] R. Sharifi, S. H. Fathi, and V. Vahidinasab, ‘‘Customer baseline load
models for residential sector in a smart-grid environment,’’ Energy Rep.,
vol. 2, pp. 74–81, Nov. 2016.

[53] J. Shi, F. Wen, and P. Cui, ‘‘Intelligent energy management of industrial
loads considering participation in demand response program,’’ Automat.
Electr. Power Syst., vol. 41, pp. 45–53, Jul. 2017.

[54] Z. Xuan, X. Gao, K. Li, F. Wang, X. Ge, and Y. Hou, ‘‘PV-load decoupling
based demand response baseline load estimation approach for residential
customer with distributed PV system,’’ IEEE Trans. Ind. Appl., vol. 56,
no. 6, pp. 6128–6137, Nov. 2020.

[55] B. Li, C. Lu, and W. Cao, ‘‘A preliminary study of block chain based auto-
mated demand response system,’’ Proc. CSEE, vol. 37, pp. 3691–3702,
Jul. 2017.

JIN SUN received the M.S. degree in electronic
and electrical engineering from the University of
Strathclyde, U.K., in 2011. He is currently a Senior
Engineer. He is also working with the Power Dis-
patching Center, State Grid Hunan Electric Power
Company Ltd., Changsha, Hunan, China. His cur-
rent research interests include power market, opti-
mal scheduling in power systems, and demand
response.

JING LIU received the M.S. degree in electrical
engineering from the Hefei Institutes of Physical
Science, Chinese Academy of Sciences, in 2010.
She is currently a Senior Engineer. She is cur-
rently working with the Power Dispatching Center,
State Grid Hunan Electric Power Company Ltd.,
Changsha, Hunan, China. Her current research
interests include power market, optimal schedul-
ing in power systems, and demand response.

VOLUME 10, 2022 83867



J. Sun et al.: Experiences and Lessons Learned From DR Resources

HAO CHEN received the M.S. degree in electri-
cal engineering from the Huazhong University of
Science and Technology, China, in 2000. He is cur-
rently a Senior Engineer. He is also working with
the Power Dispatching Center, State Grid Hunan
Electric Power Company Ltd., Changsha, Hunan,
China. His current research interests include power
market, optimal scheduling in power systems, and
demand-side management.

PENGCHENG HE received the M.S. degree in
electrical engineering from the Huazhong Univer-
sity of Science and Technology, China, in 2004.
He is currently a Senior Engineer. He is also work-
ing with the Power Dispatching Center, State Grid
Hunan Electric Power Company Ltd., Changsha,
Hunan, China. His current research interests
include electricity market, optimal scheduling in
power systems, and energy internet.

HUIHONG YUAN received the M.S. degree in
electrical engineering from the School of Elec-
trical Engineering, Guangxi University, China,
in 2021. Her current research interests include
electricity capacity market, energy market, ancil-
lary service market, energy internet, and demand
response.

ZE YAN received the M.S. degree in electri-
cal engineering from the School of Electrical
Engineering and Automation, Wuhan University,
China, in 2019. His current research interests
include capacity market, energy market, ancillary
service market, and demand response.

83868 VOLUME 10, 2022


