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Abstract: To solve the climate change problem every country should use renewable energy sources 
for power generation. However, present renewable sources such as wind and solar are intermittent 
sources. So, to integrate these intermittent sources into the power grid the capacity of ancillary 
services (AS) must be increased. Fast demand response (Fast DR) has the potential to be used as an 
AS in a power system. This paper first reviews the progression of demand response (DR) as an AS. 
From this, it is shown the concept of Fast DR emerging in the literature. Then the literature is 
categorized into economic studies, experimental studies, and control system studies. The economic 
studies done by several contexts in several countries show that using Fast DR for AS is viable. Then 
the technology used to implement Fast DR is reviewed using the experimental studies and using 
existing technologies to implement Fast DR is shown to be viable. The literature on control system 
studies for Fast DR is categorized based on the type of the load. The paper is focused on highlighting 
the types of loads that can be used for Fast DR for AS and the requirements of a Fast DR program. 
The authors are conducting research on using Inverter Air Conditioners (Inverter ACs) to provide 
Fast DR which looks promising. A project to implement a Fast DR program in a building is being 
planned. 

Keywords: smart grid; microgrid; ancillary services; fast demand response; demand response; 
control systems 

 

1. Introduction 

Renewable energy is essential for a sustainable future for mankind. UN Sustainable 
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Development Goal 7 [1] expresses the necessity of substantially increasing the share of renewable 
energy in the global energy mix. Because of this many countries plan to turn to higher capacity of 
renewable energy soon [2,3]. However, with the increasing share of renewable energy, the reliability 
of the utility grids will be at risk due to the intermittent nature of renewable sources [4]. To mitigate 
this issue, the capacity of ancillary services should be increased. 

Ancillary services (ASs) are services that support the power system in maintaining power 
quality, reliability, and security. The main ancillary services are regulation, load following, spinning 
reserve, and non-spinning reserve. The ancillary services provide the utility with several resources 
that can be used in an emergency or in control which increases the power systems’ capability to 
handle more renewable energy sources. These resources are traditionally supplied by generators. 
With more AS capacity needs, using DR to supply AS is studied. 

Table 1. Ancillary services for fast demand response participation. 

Service Response speed Duration Market cycle 

Regulating reserves <1 min 30 min (real-time) 

60 min (day ahead) 

Hourly, every 15 min 

looking ahead 2 hours 

Load following or fast energy markets ~10 min 10 min to hours 5 min 

Spinning reserves Instant response: <10 min 30 min 10 min 

Non-spinning reserve <10 min 30 min 10 min 

Demand response (DR) has been identified as a viable method to provide ancillary services (ASs) 
to power systems [1,5,6]. DR programs are a set of programs or activities that introduce changes to 
the power consumption patterns of consumers as a response to the price of the electricity over time 
or incentives provided by the utility at certain high-cost periods or when the system reliability is at 
risk. DR programs, DR program types and taxonomy, DR program participants, and challenges are 
widely reviewed in the literature [7,8]. Automated demand response (ADR) is identified as a type of 
DR program in which the DR signals of the utility are received by control equipment on the 
consumer side and the necessary preprogrammed control is done automatically without human 
assistance. Automating the DR programs is required for the advancement of the DR programs and 
smart grid technologies will permit the ADR programs to thrive in the future. Also, intelligent control 
of DR programs such as using Multi Agent Systems will be favorable in future [9]. For an overview 
of ADR architecture, standards, case studies, and research challenges, see [10]. 

Introducing DR or ADR to provide AS in the power system paved the way for a fast time scale 
demand response. Fast time scale demand response, fast automated demand response, and fast 
demand response (Fast DR) are used to describe the same concept in the literature over the years.  

However, Fast DR is yet to be properly defined. There are many similarities between DR for AS 
and Fast DR and in many cases, DR for AS can be categorized under Fast DR. in [11] Kiliccote 
shows that regulation services, load following, spinning reserves, and non-spinning reserves are the 
AS for Fast DR participation. This understanding is the basis for this review paper. To justify this, 
these AS and their features are summarized in Table 1 [11]. 

The goal of this review paper is to identify the progression of research on using DR for ancillary 
services and Fast DR. The focus is on the technology used and the economics and policy involved. 
As the review progress towards the technology used, the term Fast DR will be used to refer to all the 
programs. 
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This paper is organized as follows. Section 1 is the introduction. Section 2 covers the 
progression of the research on Fast DR and research areas. Section 3 summarizes the research on the 
economic value of Fast DR for AS programs and inquire about the status of the related policy. 
Section 4 summarizes the experimental studies conducted. Section 5 summarizes the simulated 
studies and control system studies. Section 6 is the quantitative analysis of Fast DR capacity and 
time delay. Section 7 is the conclusion. 

2. Research progression and areas of research 

The earliest notable mention of using DR for AS dates to a report published in 1999 [1]. In [1], 
the possibility of using loads as a bulk power system reliability source is discussed. This white paper 
has reviewed the market structures for the future grid in which customer participation in ancillary 
markets is discussed. After this many researchers from several institutions have researched on 
providing AS from DR. However earliest mention of providing AS from demand-side management is 
in [4], which is just a short account of providing demand-side services to NGC Transmission 
Services in the UK. 

2.1. Earliest research 

The research before 2010 is considered early research since this research is mostly done only in 
the USA. Oak Ridge National Laboratory (ORNL) and Lawrence Berkeley National Laboratory (LBNL) 
are the main institutes that led the research with industry collaborations [12–22]. 

2.2. After 2010 

After 2010 the research interest can be identified globally. Researchers from many institutions 
are researching various aspects of providing AS from DR by this time. In this period, the new set of 
names such as fast automated demand response, fast timescale demand response, and fast demand 
response is used in literature. Also, there is little research on applying Fast DR in Isolated Power 
System (IPS) which is a novelty [23,24]. 

2.3. Research areas 

The research areas are economics-related, policy-related, and technology-related [1]. Some 
research may overlap in the areas they touch while others are more focused. The trend is that while 
economics and policy-related work are done together, and technology development is more focused. 
Also supporting experiments are almost always present in economics and policy-related work. There 
are subcategories in technology-related literature. They are experimental studies and simulated 
studies. Typically, simulated studies are used for control development. There are several other 
notable research areas such as required communication [19,25,26,27] and baseline estimation for 
telemetry [28]. 

Also, there are some other approaches such as using both DR and electricity generation for 
AS [29,30]. Furthermore, in [31] DR and the existing spinning reserve are used for frequency 
restoration. Also, in [32] primary voltage is controlled using DR. The main research areas can be 
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summarized as in Figure 1. Classification of the literature available on Fast DR for AS is given in 
Table 2. 

 

Figure 1. Classification of the research areas on fast demand response for ancillary services. 

Table 2. Classification of literature on fast demand response. 

Type of study Research 

Economics and policy related [12–15,17,21,33,34,35,36,37,38,39,40,41] 

Technology related: experiments [12,16,20,42,43,23,44,45,46,47–49] 

Technology related: control [50–61,62,28,63–70,71,72,29,31,73,74,32,75,76,38,24,39,77,30] 

Technology related: communication [19,25,26,27,12] 

3. Economic and policy studies 

The early research addresses the economics of implementing DR for AS. The studies, [12,13] 
are the beginning of a series of research and reports to introduce the idea of AS using DR in the USA. 
In [13] authors have conducted a study to analyze the potential of providing ancillary services to the 
grid using pump loads. Their results were encouraging, and the authors have reported over $11 
million in revenues annually and pointed out the policy and rule changes needed to give AS using 
load response. In [14] the authors argue on the costs of using generation for spinning reserve and 
points out that using DR for AS will reduce costs of all power system customers. Kirby answers 
some important questions regarding the concept and the economic value it possesses as well as rule 
and policy changes needed to adopt DR for AS in [15]. In [17], authors have analyzed the capability 
of providing DR through its manufacturing and aluminum smelting facilities. There is a market 
analysis done to obtain the exact financial benefits of the implementation. Also, a comparison is done 
to compare the different markets in the USA in [17] as well as in [34]. Similar market analysis 
regarding the UK, Australian, Nordic, Pennsylvania, New Jersey, Maryland Interconnection LLC (PJM) 
and Electricity Reliability Council of Texas (ERCOT) is conducted in [21]. Also, several 
international feasibility studies in Canada [37] and Italy [40,41] is done. In [33] an interesting 
economic study is done to compare the costs between batteries and DR in the context of renewable 
energy. Also, in [35] a study is conducted to identify the mix between DR and renewable energy to 
minimize the cost of operating wind energy.  
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All the studies [12–15,17,21,33,34,35,37,40,41] give positive results on the economic value of 
implementing DR for AS. The negative results are from the authors of [36,38,39]. In [36] it is 
concluded that immediate financial benefit to run a Fast DR type program on small domestic 
thermostatically controlled loads (TCLs) is negative. They also stress the fact that there are 
limitations of the models used and there are indirect benefits and other types of markets that are not 
included in the study. In [38,39] the researchers point out that the overall efficiency of the system is 
adversely affected because of the short timescale changes in the system and later compensating for 
them. 

The research areas of the economic studies can be summarized as follows, 
• Preliminary feasible studies 
• Studies specialized for different customers/loads 
• Studies based on different market structures 
• Studies in the context of renewable energy 

4. Control systems of experimental studies 

After and during the preliminary studies researchers began experimenting on the concept of 
providing ancillary services through Fast DR. Several notable experiments are, 

a. SCE experimental study [20,42,47] 
b. PG&E experimental study [22,78] 
c. LBNL experimental study [79] 
d. An experimental study by Mitsubishi Electric Building Techno-Service and Kyushu Institute 

of Tech. [44] 
e. LISCOOL energy project [45] 
f. King Island Smart Grid project [23,49,80] 
g. SYSLAB at Technical University of Denmark [46] 
h. An experimental study by Cardiff University [71] 
In these research studies, few approaches can be seen and there are a lot of similarities. The 

features of the study that is focused on this review are, the control structure, telemetry, and 
communication technologies. However, the communication aspect is integrated into the control 
structure and telemetry. So, it is not considered separately. 

4.1. Control structure 

The control structure is quite similar in most of the studies except for the study by Cardiff 
University researchers [71]. So, two main control structures can be identified. Also, these two control 
structures can be categorized as centralized and distributed structures. The criterion for determining a 
control structure is centralized or decentralized is based on the whether the DR signal originated 
from the utility or from a local controller. If the DR signal originated from the utility the control 
system is taken as centralized and if it originated from a local controller the control system is taken 
as distributed. 

The distributed control structure is used in [71]. This research on providing secondary 
frequency control using local load control. The researchers have used smart meters to measure the 
grid frequency and control the loads using a control algorithm. They have implemented the local 
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control system to determine the control scheme delay. The researchers have used a simulation of the 
Great Britain power system to assess the capability of the system. The control structure is shown in 
Figure 2. 

The centralized control structure can be simplified in to three sections. Namely, central 
controller, communication, and load controller. In some cases, there are additional components like 
data aggregators, databases, data managers, and data forecasters. These additional components 
enhance the reliability and accuracy of the overall system. However, most of these additional 
components are highly integrated to the system. Figure 3 summarizes the structures of all the 
centralized control structures. 

 

Figure 2. Distributed control structure using smart meters. 
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Figure 3. Summary of centralized control structures in experimental studies. 
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4.2. Telemetry 

Telemetry is an important part of a DR program. Telemetry allows utility companies to measure 
the incentives to be provided for the customers who participate in the program. Also, telemetry data 
provides the necessary insights that determine a successful DR program. In the experimental studies 
considered in this review, a wide variety of technologies have been used for telemetry purposes. 
However, using internet for the implementation is visible in every case. The motivation for this is the 
cost effectiveness of the internet technologies. 

4.3. Overview 

After establishing that DR can provide AS in an economical way, researchers began studying 
the technology needed to achieve it. There are several basic technology components of the DR for 
AS programs. Since these components are also available in all Fast DR programs, these technologies 
are identified as the technologies required for Fast DR programs. Tables 3 and 4 summarizes the 
technologies used for control and the technologies used for telemetry in the experimental studies 
respectively. 

Table 3. Summary of technology used in experimental studies for control. 

Study Control 

Central control Communication Load control 

SCE experimental study 

[20,42,47] 

SCE control center 

(SCADA system sends 

DR signal to loads) 

Radio tower using 

VHF waves 

Load control switches with ACP 

(VHF receiver takes the signal and control 

loads using relays) 

PG&E experimental study 

[22,78] 

DRAS  Internet EMCS controls the loads using CLIR box

LBNL experimental study 

[79] 

Cloud-based server 

with Ubuntu Linux 

Internet BeagleBone black controller 

Wi-Fi thermostat 

Dimmable LED bulb 

With OpenADR 2.0b 

Fast DR for small 

buildings in Japan [44] 

DRAS Internet EMS with OpenADR 2.0b 

LISCOOL energy project 

in Portugal [45] 

DRAS in a DRMS Internet AC local controllers or HEMs with 

OpenADR 2.0b 

King island smart grid 

project [23,49,80] 

DR master controller WiMAX antennas 

are used to transmit 

the signal 

Slave controller box with smart switches 

(WiMAX modem takes the signal and 

given to smart switches using ZigBee 

module) 

Secondary frequency 

control based on DR [46] 

Project INCAP server Internet Smart relay controller 

(Communication using the internet) 

Experimental load control 

scheme: UK experiment 

[71] 

Laptop PC (IntelTM 

Core 2 Duo T7250 2 

GHz processor) 

HAN  Smart sockets with HAN 
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All the controllers except [71] in experimental studies use a central controller and local load 
controllers. In every case considered in this review, the central controller hardware is a server 
computer. Many types of load controllers are used in different studies. Some of these controllers are 
commercial components [12,16]. Smart switches and relays are widely used as load controllers. For 
the communication different technologies are used in each experiment. The use of existing 
technologies can be seen in many experimental studies that were done on large scales. VHF 
communication in large distances is done in SCE experiment [20,42,47]. WiMAX is used in the 
KISG project [23]. Another major communication infrastructure is the internet. For a more detailed 
study on communication for Fast DR see [13]. Several software applications and protocols to 
implement load control and telemetry are used in experimental studies. The use of OpenADR 2.0b is 
prominent in the experiments. Other protocols include ACCP, CDMA, Modbus, and ZigBee which 
are used for communication. 

Apart from these research studies, there are some experiments on grid-based Fast DR programs, 
and some are done for IPSs. The most notable experiment on Fast DR in IPS is done in [23,49,80] 
studies. The IPS in these studies is the King Island Smart Grid. 

Table 4. Summary of technology used in experimental studies for telemetry. 

Experimental study Technology used for telemetry 

SCE experimental study [20,42,47] Web-based ACCP 
PG&E experimental study [22,78] Smart Meter with CDMA chip 

Network provider (Bow Networks) 
LBNL experimental study [79] USB radio adapter (Rainforest RAVEn adapter) 

OpenSEG 
Experimental load control scheme: UK experiment [71] Commercially available smart meter 
Fast DR for small buildings in Japan [44] EMS 
LISCOOL energy project in Portugal [45] Not specified 

King island smart grid project [23,49,80] Not used 
Secondary frequency control based on DR [46] Measurement using the same controller used for load control 

5. Model based control system studies 

Table 5. Classification of research on control logic based on load type. 

Load type Research 

Central HVAC [50,51,52,55–59,61,62,28,63-70,75,38,39] 

Distributed air-conditioners [73,74,81] 

Thermostatically controlled loads 

Inverter ACs & Variable speed heat pumps 

[53,72,74,82,81] 

[84–88] 

Pool pumps [54] 

Data centers [77] 

The simulated studies are done to develop the control logic for different loads. The control logic 
depends on the control load type as different loads show different power consumption characteristics. 
Mainly there are three types of loads considered in previous studies and they are, Thermostatically 
Controlled Loads (TCL), distributed air-conditioners, and central HVAC systems. Also, there are 
pool pumps [54] and data center loads [77] that are used in the studies. Finally, research on using 
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Inverter ACs and variable speed heat pumps for providing frequency response in a power system is 
reviewed. Classification of control logic research based on the type of load is given in Table 5. Main 
types are used for the categorization. 

5.1. Central HVAC studies 

Studies on using Central HVAC systems for Fast DR is done by several research groups. Their 
research focuses on building models, developing control systems, and providing ancillary services 
without effecting the occupant comfort. 

In [50,51,55,56] the researchers have gradually improved the model, control, and results. In 
these kinds of literature, a model based on input-output measurements is used to develop a controller. 
In [50], providing regulation to the grid is converted into a Linear Quadratic Regulator (LQR) 
problem which has a simple closed-form solution. In [51,57], a feedforward control architecture is 
proposed. In both this literature, the controlled load is a Variable Frequency Device (VFD) equipped 
fan in an Air Handling Unit (AHU). In the studies fan power is used for regulation and the regulation 

signal can be tracked in the frequency band 𝑓 ∈
 

 ,
 

 without affecting the indoor 

temperature. It can be derived that approximately 6.6 GW regulation capacity can be provided using 
all the VFD equipped fans in commercial buildings in the USA. In [55,56], the research is expanded 
to include chillers. It used the Variable Air Volume (VAV) HVAC system with onsite chillers. The 
main idea presented in this literature is the bandwidth limitation of the regulation signal. It can be 
derived that approximately 47 GW regulation can be provided, and the regulation signal can be 

tracked in the frequency band 𝑓 ∈
 

 ,
 

 without affecting the indoor temperature. Also, 

all these systems meet the ISO/RTO standards for regulation. Further studies on providing a faster 
response are given in [58]. 

In [59] fine time granularity fast demand control of building HVAC system is studied. A novel 
scheme is proposed for building a Variable Refrigerant Flow (VRF) HVAC system. An 
Auto-Regressive (AR) model of 5-minute interval power consumption of the entire building HVAC 
facilities was obtained using data. The trial calculations show that the new scheme implementation 
will be successful. In [61,62] an emulation system is developed to reproduce and analyze the 
behavior. A neural network model is developed from actual time series data. It was found that step 
responses of Fast DR sometimes oscillate depending on control. 

In [63] Fast DR control strategy is presented which uses shutting down chiller(s) of an HVAC 
system. Also, active and passive cold storage is used in this strategy to improve indoor thermal 
comfort and to alleviate the post-DR event spike in demand. The advantages of using chillers to 
reduce demand are that the demand reduction is immediate and considerable. However, there are 
some problems such as the uneven distribution of water flow and air temperature unevenness caused 
by shutting down essential operating chillers. These issues are addressed in [64,65,67]. The paper [66] 
presents a control strategy based on Model Predictive Control (MPC). In [68,69] the control strategy 
for the cold storage is discussed and the complete research is presented in [70] in detail. In [28], 
studies on multi type air conditioners in a building are conducted. The research is focused on 
estimating base line estimation for Fast DR. In [75] the researchers develop a model for commercial 
HVAC systems and in [38,39] they use it to design controllers to provide ancillary services. However, 
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their economic study gives negative results when the overall efficiency is considered. 

5.2. Distributed air conditioning units 

In [73] load control of heterogeneous populations of ACs using a novel parametric Linear 
Time-Invariant (LTI) model is presented. This LTI model is used to design the controller using the 
parameters of the AC population. The control is done by introducing offset to the user’s temperature 
set-points. The study in [74] presents Thermostatically Controlled Appliances (TCA) which controls 
the Air Conditioners. A centralized load controller is developed to control TCAs for Continuous 
Regulation Reserves (CRRs). The logic for setting up baseline load, generating priority lists, issuing 
dispatch commands is given in [74]. The TCA load controller is successful in providing robust, 
high-quality CRRs with reduced cost for communication and load controllers. In [81] parameter 
section of the controller is discussed. 

5.3. Thermostatically controlled loads 

These studies are similar to controlling distributed ACs, but a wide range of appliances can be 
used with these controllers. In [82] modelling is done using existing data of TLCs as well as other 
loads such as ACs. In [53] a generalized battery model is used and in [72], bin transition modeling 
technique is used for the control design. In [83] regulation service is provided using DR of TCLs. 
Also, researchers have considered providing regulation services in different seasons and providing 
“regulation raise” services from the network of different sizes. 

5.4. Distributed inverter air conditioning units 

There is some literature on using Inverter ACs and variable speed heat pumps for DR. However, 
they are limited to providing frequency response to power systems which can be extended to provide 
ancillary services. The researchers have modeled [88] and developed control systems to provide 
frequency regulation in a power system [84–88]. This research can easily be extended as a Fast DR 
program. 

6. Quantitative analysis of fast demand response programs 

There are many approaches that can be taken for a quantitative analysis on the literature studied. 
They are, 

• Fast DR capacity analysis 
• Time delay analysis 
These approaches show the various aspects to be considered to execute a successful Fast DR 

program. 

6.1. Fast demand response capacity analysis 

Fast DR capacity can be identified as the amount of power which can be used for Fast DR 
purposes in the different experiments and studies. Since the studies are not structured this parameter 
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is not given in a typical format in the studies. Also, there are several external conditions that effect 
this parameter. However, Fast DR capacity is important because it gives an idea on the usefulness of 
the Fast DR program. 

When considering different loads, there are several studies for different loads. In [13], an 
experiment was conducted using packaged through the wall air conditioners (PTAC). It was found 
that approximately 1.1 kW of spinning reserve is available per PTAC during maximum load demand 
times. In [14], studies were done on supplying spinning reserve for the California Independent 
System Operator (CAISO) grid using water pumps of California Department of Water Resources (CDWR). 
It was found that CDWR has the potential to supply 62% of the CAISO spinning reserve 
requirements under specific conditions. Also, the responsive water pumps had enough capacity to 
supply 100% of the spinning reserve requirements for 3292 hours. In [15], studies were conducted to 
use central control of air conditioning systems using smart thermostat to supply spinning reserve. 
The controlled load consisted of 23400 smart thermostats. It was found that roughly three times the 
load reduction capacity is available for spinning reserve. In this case the load reduction capacity 
was 25 MW and spinning reserve capacity was 75 MW and two thirds of the spinning reserve 
capacity, 50 MW was still available for spinning reserve when the loads are already curtailed. In [16], 
it was shown that load can be curtailed by 22%–37% depending on the outdoor temperature and time 
of the day for a hotel load. In [17], studies were done to use an Aluminum smelting plant to provide 
spinning reserve. The average load of the plant is 500 MW and 15 MW of spinning reserve was 
successfully provided to the grid. In [52] and [55–57], a team of researchers have studied providing 
regulation services using a building HVAC system. They have increased the HVAC system 
regulation capacity from 11 kW which only use AHU fans to 100 kW using chillers with AHU fans. 
Also, they have studied about RegD type regulation services which is the fastest regulation reference 
signal provided by PJM. It was found that fans in AHU provide 40% of their nominal power for 
ancillary services. 

In [73] researchers have used a population of 60 distributed air conditioners to supply load 
following services where the generation is supplied by wind turbines. The generation was assumed to 
be 6, 20 kW wind turbines and the study shows that the proposed controller can make the total 
demand tightly follow the varying generation output with a maximum change in temperature setpoint 
of 1.5 ℃. A similar research is [74] where approximately 1000 HVAC units were considered rated 
at 6 kW and it is shown that 24 hours of intra-hour balancing services which amounts to 1 MW of 
bi-directional signals can be achieved by the proposed control scheme. 

In [82], researchers have studied providing regulation services in different seasons. For 30 
houses, the average possible regulation during winter is 28.83 kW, 17.74 kW in fall, 25.58 kW in 
summer and 22.57 kW in spring. Also, the study is done for network sizes of 120 and 960 houses. 
The error percentage is reduced when the number of houses increased. For example, at 12.30 hours, 
in 960 house network the error percentage is 0.17% and in 30 house network the error percentage is 4.77%. 

Baseline estimations is a must for metering purposes and to determine the Fast DR capacity. In [28], 
the researchers have developed a model in which the root mean square error of baseline estimations 
from 18 weekdays of Fast DR trials was 1.68 kW, i.e., 13% of rated power consumption. 

In [49], researchers present Fast DR as an enabling technology to support high renewable 
energy penetration in an IPS. The simulated results show that renewable energy penetration increased 
by 2.5% without added renewable energy generation or decreased consumption for 50% Fast DR 
capacity. 
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6.2. Time delay analysis 

Time delay is a major concern in a Fast DR program. The maximum time delay for load 
following, fast energy markets, spinning reserve, and non-spinning reserve in given as 10 minutes 
and the maximum time delay for regulation service is 1 minute in USA [11]. A Fast DR program 
must adhere to these constraints to be implemented. 

In [15], researchers claim that the tie delay was 90 seconds. Improved results are given in [16], 
where researchers have achieved 12–60 seconds time delay. In [20] the time delay is lower than 20 
seconds and in [79] it is approximately 20 seconds. In [34] the average time delay is reported as 24 
seconds. In [23] researchers are reporting that they have achieved sub second DR capacity of more 
than 100 kW. These experiments show that necessary time delay for a Fast DR program can be 
achieved. 

In [71], a distributed control system using smart meters is developed and it is shown that if the 
time delay is more than 1s, there is no effect from the controlled loads. Also, it is shown that the 
maximum primary response can be obtained if the delay is less than 200 milliseconds. 

7. Conclusions 

Using Fast DR to provide AS is reviewed in this paper. Fast DR is becoming more applicable 
and relevant in the modern utility grid with high penetration of intermittent renewable sources. This 
paper reviews Fast DR programs in terms of economic feasibility and technology. 

Many studies show that Fast DR is economically viable with few exceptions. However, these 
exceptions also point out that Fast DR can be improved or that all the factors are not considered in 
their research scope. 

The technology used in Fast DR programs is considered in the context of experimental studies 
and control development. Most of the studies consider central HVAC systems, Distributed ACs, and 
TCLs. Also, Inverter ACs are considered for DR which can be directly applied to Fast DR programs. 
Apart from using Fast DR in the main utility grid, some researchers have experimentally used it in 
IPSs successfully. All these findings show that Fast DR is a viable technology to provide ancillary 
services to main utility grids and IPSs. When considering the control structure, central control and 
distributed control can be identified. There are very few studies on using distributed control in the 
Fast DR context so it’s still unclear what would be the more suitable structure. However, the 
centralized control looks promising and reliable hindering the need for distributed control. The only 
study on distributed control structure is done as a single load in a grid and if it is scaled to a grid 
wide implementation, the practical impacts are yet to be determined. Time delay and capacity are 
two most important parameters that decide the effectiveness of a Fast DR program. The 
state-of-the-art implementations have accomplished time delays of few seconds and capacities that 
can provide substantial ancillary services to the grid. 

Future of Fast DR programs depends on implementing them in the real world. More 
implementations are needed to solidify the technology used in the programs. The authors are 
currently conducting research on using Inverter ACs to provide Fast DR which looks promising. As a 
future project, implementing Fast DR in a building using Inverter ACs is being planned. 
  



1121 

AIMS Energy  Volume 8, Issue 6, 1108–1126. 

Acknowledgments 

This work was supported by the Indo-Sri Lanka Joint Research program, by Department of 
Science & Technology (DST), Government of India and Ministry of Science, Technology & 
Research (MSTR), Government of Sri Lanka under the Grant: MSTR/TR/AGR/3/02/13. 

Conflict of interest 

The authors declare no conflict of interest. 

References 

1. Ensure access to affordable, reliable, sustainable and modern energy, 2020. Available from: 
https://www.un.org/sustainabledevelopment/energy/. 

2. Kumar S, Madlener R (2018) Energy systems and COP21 Paris climate agreement targets in 
Germany: an integrated modeling approach. 2018 7th International Energy and Sustainability 
Conference (IESC), Cologne, 1–6. 

3. Jacob RT, Liyanapathirana R (2018) Technical feasibility in reaching renewable energy targets; 
Case study on australia. 2018 4th International Conference on Electrical Energy Systems 
(ICEES), Chennai, 630–634. 

4. Naeem A, Hassan NU (2020) Renewable energy intermittency mitigation in microgrids: 
State-of-the-art and future prospects. 2020 4th International Conference on Green Energy and 
Applications (ICGEA), Singapore, 158–164. 

5. Bailey M (1998) Provision of frequency responsive power reserve from disconnectable load. 
IEE Colloquium on Economic Provision Of A Frequency Responsive Power Reserve Service, 
London, UK, 5/1–5/5. 

6. Kirby B, Kueck J (1999) Oak ridge national laboratory. Consortium for Electric Reliability 
Technology Solutions Grid of the Future White Paper on Review of the Structure of Bulk Power 
Markets. USA. Available from: 
https://eetd.lbl.gov/sites/all/files/publications/ornl-tm-2000-41.pdf. 

7. Vardakas JS, Zorba N, Verikoukis CV (2015) A survey on demand response programs in smart 
grids: Pricing methods and optimization algorithms. IEEE Commun Surv Tutorials 17: 152–178. 

8. Deng R, Yang Z, Chow M, et al. (2015) A survey on demand response in smart grids: 
Mathematical models and approaches. IEEE Trans Ind Inf 11: 570–582. 

9. Priyadarshana HVV, Sandaru MAK, Hemapala K, et al. (2019) A review on Multi-Agent system 
based energy management systems for micro grids. AIMS Energy 7: 924–943. 

10. Samad T, Koch E, Stluka P (2016) Automated demand response for smart buildings and 
microgrids: The state of the practice and research challenges. Proc IEEE 104: 726–744. 

11. Kiliccote S, Lanzisera S, Liao A, et al. (2014) Lawrence Berkeley National Laboratory. Fast DR: 
Controlling Small Loads over the Internet, USA. 

12. Kirby BJ, Ally MR (2002) Oak ridge national laboratory. Spinning Reserves from Controllable 
Packaged Through the Wall Air Conditioner (PTAC) Units. USA. Available from: 
https://eta-publications.lbl.gov/sites/default/files/ornl-tm-2002-286.pdf. 

  



1122 

AIMS Energy  Volume 8, Issue 6, 1108–1126. 

13. Kirby BJ, Kueck JD (2003) Oak Ridge National Laboratory. Spinning Reserve from Pump Load: 
A Technical Findings Report to the California Department of Water Resources. USA. Available 
from: https://info.ornl.gov/sites/publications/Files/Pub57490.pdf. 

14. Kirby BJ (2003) Oak Ridge National Laboratory. Spinning Reserve from Responsive Loads. 
USA. Available from: https://info.ornl.gov/sites/publications/Files/Pub57288.pdf. 

15. Kirby BJ (2006) Oak ridge national laboratory. Demand Response For Power System Reliability: 
FAQs. USA. Available from: https://info.ornl.gov/sites/publications/Files/Pub57490.pdf. 

16. Kirby B, Kueck J, Laughner T, et al. (2008) Oak ridge national laboratory. Spinning Reserve 
from Hotel Load Response: Initial Progress. USA. Available from: 
https://digital.library.unt.edu/ark:/67531/metadc898084/m2/1/high_res_d/941052.pdf. 

17. Todd D, Caufield M, Helms B (2008) Oak ridge national laboratory. Providing reliability 
services through demand response: A preliminary evaluation of the demand response 
capabilities of Alcoa Inc. USA. Available from: https://certs.lbl.gov/sites/all/files/dr-alcoa.pdf. 

18. Kueck JD, Kirby BJ, Ally MR, et al. (2009) Oak Ridge National Laboratory. Using Air 
Conditioning Load Response for Spinning Reserve. USA. Available from: 
https://fidvr.lbl.gov/sites/all/files/air-conditioning-load.pdf. 

19. Kueck JD, Snyder AF, Li F, et al. (2010) Use of responsive load to supply ancillary services in 
the smart grid: Challenges and approach. 2010 First IEEE International Conference on Smart 
Grid Communications, Gaithersburg, MD, 507–512. 

20. Eto JH, Nelson-Hoffman J, Kueck J, et al. (2007) Lawrence berkeley national laboratory. 
Demand Response Spinning Reserve Demonstration. USA. Available from: 
https://eta-publications.lbl.gov/sites/default/files/lbnl-62761.pdf. 

21. Heffner G, Goldman C, Kirby B, et al. (2016) Lawrence berkeley national laboratory. Loads 
Providing Ancillary Services: Review of International Experience. USA. Available from: 
https://www.energy.gov/sites/prod/files/oeprod/DocumentsandMedia/Loads_providing_Ancillar
y_Services_main_report_62701.pdf. 

22. Kiliccote S, Piette MA, Ghatikar G, et al. (2009) Lawrence berkeley national laboratory. Open 
Automated Demand Response Communications in Demand Response for Wholesale Ancillary 
Services. USA. Available from: https://eta-publications.lbl.gov/sites/default/files/lbnl-2945e.pdf. 

23. Nikolic D, Negnevitsky M, De Groot M, et al. (2014) Fast demand response as an enabling 
technology for high renewable energy penetration in isolated power systems. 2014 IEEE PES 
General Meeting | Conference & Exposition, National Harbor, MD, 1–5. 

24. Nikolic D, Negnevitsky M, De Groot M (2016) Fast demand response as spinning reserve in 
microgrids. Mediterranean Conference on Power Generation, Transmission, Distribution and 
Energy Conversion (MedPower 2016), Belgrade, 1–5. 

25. Ninagawa C, Iwahara T, Suzuki K (2015) Enhancement of OpenADR communication for 
flexible fast ADR aggregation using TRAP mechanism of IEEE1888 protocol. 2015 IEEE 
International Conference on Industrial Technology (ICIT), Seville, 2450–2454. 

26. Yamada T, Suzuki K, Ninagawa C (2018) Scalability analysis of aggregation web services for 
smart grid fast automated demand response. 2018 IEEE International Conference on Industrial 
Technology (ICIT), Lyon, 1285–1289. 

27. Kim H, Kim Y, Yang K, et al. (2011) Cloud-based demand response for smart grid: Architecture 
and distributed algorithms. 2011 IEEE International Conference on Smart Grid 
Communications (SmartGridComm), Brussels, 398–403. 



1123 

AIMS Energy  Volume 8, Issue 6, 1108–1126. 

28. Matsukawa S, Ninagawa C, Morikawa J, et al. (2019) Stable segment method for multiple linear 
regression on baseline estimation for smart grid fast automated demand response. 2019 IEEE 
Innovative Smart Grid Technologies-Asia (ISGT Asia), Chengdu, China, 2571–2576. 

29. Hindi H, Greene D, Laventall C (2011) Coordinating regulation and demand response in electric 
power grids using multirate model predictive control. ISGT 2011, Anaheim, CA, 1–8. 

30. Chassin DP, Behboodi S, Shi Y, et al. (2017) H2-optimal transactive control of electric power 
regulation from fast-acting demand response in the presence of high renewable. Appl Energy 
205: 304–315. 

31. Chang-Chien L, An LN, Lin T, et al. (2012) Incorporating demand response with spinning 
reserve to realize an adaptive frequency restoration plan for system contingencies. IEEE Trans 
Smart Grid 3: 1145–1153. 

32. Christakou K, Tomozei D, Le Boudec J, et al. (2014) GECN: Primary Voltage Control for 
Active Distribution Networks via Real-Time Demand-Response. IEEE Trans Smart Grid 5: 
622–631. 

33. Watson DS, Matson N, Page J, et al. (2012) Lawrence berkeley national laboratory. Fast 
Automated Demand Response to Enable the Integration of Renewable Resources. USA. 
Available from: https://eta-publications.lbl.gov/sites/default/files/LBNL-5555E.pdf. 

34. MacDonald J, Cappers P, Callaway D, et al. (2012) Lawrence berkeley national laboratory. 
Demand Response Providing Ancillary Services A Comparison of Opportunities and Challenges 
in the US Wholesale Markets. USA. Available from: 
https://eta-publications.lbl.gov/sites/default/files/lbnl-5958e.pdf. 

35. Behboodi S, Chassin DP, Crawford C, et al. (2016) Renewable resources portfolio optimization 
in the presence of demand response. Appl Energy 162: 139–148. 

36. Marinov AK, Verbič G, Chapman AC (2014) An investigation into the economic benefits of 
fast-timescale demand response using thermostatically controlled loads on the NEM. 2014 
Australasian Universities Power Engineering Conference (AUPEC), Perth, WA, 1–6. 

37. Wong S (2015) CanmetENERGY Research Brief: Summary Report on Canadian Residential 
Demand Response and Ancillary Service Market Opportunities. Canada. Available from: 
https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/canmetenergy/files/pubs/CdnResDRandAS
MktOps-FINALE_EN.pdf. 

38. Beil I, Hiskens I, Backhaus S (2015) Round-trip efficiency of fast demand response in a large 
commercial air conditioner. Energy Build 97: 47–55. 

39. Beil I, Hiskens I, Backhaus S (2016) Frequency regulation from commercial building HVAC 
demand response. Proc IEEE 104: 745–757. 

40. Bellifemine FL, Benini M, Canevese S, et al. (2018) The Italian ancillary service market: 
Preliminary cost-benefit analysis for BTS demand response. 2018 IEEE International 
Telecommunications Energy Conference (INTELEC), Turin, 1–8. 

41. Bovera F, Delfanti M, Bellifemine F (2018) Economic opportunities for Demand Response by 
Data Centers within the new Italian Ancillary Service Market. 2018 IEEE International 
Telecommunications Energy Conference (INTELEC), Turin, 1–8. 

42. Eto JH, Nelson-Hoffman J, Parker E, et al, (2012) Demand response spinning reserve 
demonstration--measuring the speed and magnitude of aggregated demand response. 2012 45th 
Hawaii International Conference on System Sciences, Maui, HI, 2012–2019. 

  



1124 

AIMS Energy  Volume 8, Issue 6, 1108–1126. 

43. MacDougall P, Heskes P, Crolla PG, et al. (2013) Fast demand response in support of the active 
distribution network. 22nd International Conference and Exhibition on Electricity Distribution 
(CIRED 2013), Stockholm, 1–4. 

44. Mega T, Kitagami S, Kawawaki S, et al. (2017) Experimental evaluation of a fast demand 
response system for small/medium-scale office buildings. 2017 31st International Conference 
on Advanced Information Networking and Applications Workshops (WAINA), Taipei, 291–295. 

45. Marques L, Campos F, Fonseca R, et al. (2019) Liscool-A demonstration project of an 
automated fast demand response management system: main outcoms. CIRED 2019 Conference, 
Madrid. 

46. Lakshmanan V, Marinelli M, Hu J, et al. (2016) Provision of secondary frequency control via 
demand response activation on thermostatically controlled loads: Solutions and experiences 
from Denmark. Appl Energy 173: 470–480. 

47. Eto JH, Nelson-Hoffman J, Parker E, et al. (2009) Lawrence Berkeley National Laboratory. 
Demand Response Spinning Reserve Demonstration-Phase 2 Findings from the Summer of 2008, 
USA. Available from: https://www.osti.gov/servlets/purl/972811. 

48. Vijayananda WMT, Samarakoon K, Ekanayake J (2010) Development of a demonstration rig for 
providing primary frequency response through smart meters. 45th International Universities 
Power Engineering Conference UPEC2010, Cardiff, Wales, 1–6. 

49. Nikolic D, Negnevitsky MM (2016) Fast demand response as spinning reserve in microgrids. 
Mediterranean Conference on Power Generation, Transmission, Distribution and Energy 
Conversion (MedPower 2016), Belgrade, 1–5. 

50. Hao H, Middelkoop T, Barooah P, et al. (2012) How demand response from commercial 
buildings will provide the regulation needs of the grid. 2012 50th Annual Allerton Conference 
on Communication, Control, and Computing (Allerton), Monticello, IL, 1908–1913. 

51. Hao H, Kowli A, Lin Y, et al. (2013) Ancillary service for the grid via control of commercial 
building HVAC systems. 2013 American Control Conference, Washington, DC, 467–472. 

52. Zhao P, Henze GP, Plamp S, et al. (2013) Evaluation of commercial building HVAC systems as 
frequency regulation providers. Energy Build 67: 225–235. 

53. Hao H, Sanandaji BM, Poolla K, et al. (2013) A generalized battery model of a collection of 
Thermostatically Controlled Loads for providing ancillary service. 2013 51st Annual Allerton 
Conference on Communication, Control, and Computing (Allerton), Monticello, IL, 551–558. 

54. Meyn S, Barooah P, Bušić A, et al. (2013) Ancillary service to the grid from deferrable loads: 
The case for intelligent pool pumps in Florida. 52nd IEEE Conference on Decision and Control, 
Florence, 6946–6953. 

55. Lin Y, Meyn S, Barooah P (2013) Commercial building HVAC system in power grid ancillary 
services. Available from: http://plaza.ufl.edu/yashenlin, University of Florida, Tech. Rep. 

56. Lin Y, Barooah P, Meyn SP (2013) Low-frequency power-grid ancillary services from 
commercial building HVAC systems. 2013 IEEE International Conference on Smart Grid 
Communications (SmartGridComm), Vancouver, BC, 169–174. 

57. Hao H, Lin Y, Kowli AS, et al. (2014) Ancillary service to the grid through control of fans in 
commercial building HVAC systems. IEEE Trans Smart Grid 5: 2066–2074. 

58. Lin Y, Barooah P, Meyn S, et al. (2015) Experimental evaluation of frequency regulation from 
commercial building HVAC systems. IEEE Trans Smart Grid 6: 776–783. 

  



1125 

AIMS Energy  Volume 8, Issue 6, 1108–1126. 

59. Ninagawa C, Kondo S, Isozumi S, et al. (2012) Fine-time-granularity fast demand control of 
building HVAC facilities for future smart grid. 2012 3rd IEEE PES Innovative Smart Grid 
Technologies Europe (ISGT Europe), Berlin, 1–6. 

60. Suzuki K, Ninagawa C, Yoshida H, et al. (2013) Smart grid ADR aggregation delay model on 
large-scale distributed building HVAC facilities. IEEE PES ISGT Europe 2013, Lyngby, 1–5. 

61. Ninagawa C, Taga K, Kiyota A, et al. (2015) Emulation system on smart grid Fast Automated 
Demand Response of widely-distributed stochastically-operating building facilities. 2015 IEEE 
International Symposium on Systems Engineering (ISSE), Rome, 66–70. 

62. Aoki Y, Suzuki K, Ninagawa C, et al. (2019) Averaging effect model on aggregation margin of 
fast demand responses of building multi-type air-conditioners. 2019 IEEE International 
Conference on Industrial Technology (ICIT), Melbourne, Australia, 1274–1279. 

63. Cui B, Wang SW, Yan C, et al. (2014) A compound fast chiller power demand response strategy 
for buildings. 2014 International Conference on Sustainable Energy technologies (SET2014), 
Switzerland. 

64. Xue X, Wang SW, Yan C, et al. (2015) A fast chiller power demand response control strategy for 
buildings connected to smart grid. Appl Energy. 

65. Tang R Wang SW, Yan C (2018) A direct load control strategy of centralized air-conditioning 
systems for building fast demand response to urgent requests of smart grids. Autom Constr 87: 
74–83. 

66. Tang R, Wang SW, Xu L (2019) An MPC-based optimal control strategy of active thermal 
storage in commercial buildings during fast demand response events in smart grids. Energy Proc 
158: 2506–2511. 

67. Wang SW, Gao D, Tang R, et al. (2016) Cooling supply-based HVAC system control for fast 
demand response of buildings to urgent requests of smart grids. Energy Proc 103: 34–39. 

68. Cui B, Gao D, Wang SW, et al. (2015) Effectiveness and life-cycle cost-benefit analysis of 
active cold storages for building demand management for smart grid applications. Appl Energy 
147: 523–535. 

69. Cui B, Wang SW, Yan CC, et al. (2015) Evaluation of a fast power demand response strategy 
using active and passive building cold storages for smart grid applications. Energy Convers 
Manage 102: 227–238. 

70. Wang S, Tang R (2017) Supply-based feedback control strategy of air-conditioning systems for 
direct load control of buildings responding to urgent requests of smart grids. Appl Energy 201:  
419–432. 

71. Samarakoon K, Ekanayake J, Jenkins N (2012) Investigation of domestic load control to provide 
primary frequency response using smart meters. IEEE Trans Smart Grid 3: 282–292. 

72. Koch S, Mathieu JL, Callaway DS (2011) Modeling and control of aggregated heterogeneous 
thermostatically controlled loads for ancillary services. Proc 17th Power Systems Computation 
Conf. 

73. Braslavsky JH, Perfumo C, Ward JK (2013) Model-based feedback control of distributed 
air-conditioning loads for fast demand-side ancillary services. 52nd IEEE Conference on 
Decision and Control, Florence, 6274–6279. 

74. Lu N, Zhang Y (2013) Design considerations of a centralized load controller using 
thermostatically controlled appliances for continuous regulation reserves. IEEE Trans Smart 
Grid 4: 914–921. 



1126 

AIMS Energy  Volume 8, Issue 6, 1108–1126. 

75. Goddard G, Klose J, Backhaus S (2014) Model development and identification for fast demand 
response in commercial HVAC systems. IEEE Trans Smart Grid 5: 2084–2092. 

76. Wada K, Yokoyama A, Kawauchi S, et al. (2014) Frequency control using fast demand response 
in power system with a large penetration of renewable energy sources. 2014 International 
Conference on Power System Technology, Chengdu, 1150–1156. 

77. McClurg J, Mudumbai R, Hall J (2016) Fast demand response with datacenter loads. 2016 IEEE 
Power & Energy Society Innovative Smart Grid Technologies Conference (ISGT), Minneapolis, 
MN, 1–5. 

78. Kiliccote S, Piette MA, Koch E, et al. (2011) Utilizing automated demand response in 
commercial buildings as non-spinning reserve product for ancillary services markets. 2011 50th 
IEEE Conference on Decision and Control and European Control Conference, Orlando, FL, 
4354–4360. 

79. Lanzisera S, Weber A, Liao A, et al. (2015) Lawrence berkeley national laboratory. Field Testing 
of Telemetry for Demand Response Control of Small Loads. USA. Available from: 
https://eta-publications.lbl.gov/sites/default/files/lbnl-1004415.pdf. 

80. Negnevitsky M (2014) Demand response under the smart grid paradigm. The 31st International 
Symposium on Automation and Robotics in Construction and Mining (ISARC 2014), Sydney, 
Australia, 58–71. 

81. Zhang Y, Lu N (2013) Parameter selection for a centralized thermostatically controlled 
appliances load controller used for intra-hour load balancing. IEEE Trans Smart Grid 4: 
2100–2108. 

82. Mathieu J, Dyson M, Callaway D (2012) Using residential electric loads for fast demand 
response: The potential resource and revenues, the costs, and policy recommendations. 2012 
ACEEE Summer Study on Energy Efficiency in Buildings. 

83. Vivekananthan C, Mishra Y (2015) Stochastic ranking method for thermostatically controllable 
appliances to provide regulation services. IEEE Trans Power Syst 30: 1987–1996. 

84. Kim Y, Kirtley JL, Norford LK (2014) Variable speed heat pump design for frequency 
regulation through direct load control. 2014 IEEE PES T&D Conference and Exposition, 
Chicago, IL, 1–5. 

85. Kim Y, Norford LK, Kirtley JL (2015) Modeling and analysis of a variable speed heat pump for 
frequency regulation through direct load control. IEEE Trans Power Syst 30: 397–408. 

86. Che Y, Yang J, Zhou Y, et al. (2019) Demand response from the control of aggregated inverter 
air conditioners. IEEE Access 7: 88163–88173. 

87. Hui HX, Ding Y, Yang SH (2019) Modeling and analysis of inverter air conditioners for primary 
frequency control considering signal delays and detection errors. Energy Proc 158: 4003–4010. 

88. Hui H, Ding Y, Zheng M (2019) Equivalent modeling of inverter air conditioners for providing 
frequency regulation service. IEEE Trans Ind Electron 66: 1413–1423. 

 

© 2020 the Author(s), licensee AIMS Press. This is an open access 
article distributed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/4.0) 


