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ABSTRACT

Demand response (DR) is an important component for the establishment of smart electricity grids. It can
decrease the system peaks through load shedding or shifting and optimize the utilization of the existing
grid assets, which delays the need for costly upgrades. DR can also enable the integration of intermittent
and distributed energy resources (DER) into the existing electricity grid. Fast DR from aggregated flex-
ible loads can provide ancillary services (AS) to absorb grid disruptions and may replace the expensive
fast-ramping reserve generation units. This study presents a methodology for load aggregation based on
the prioritization of loads according to their flexibility. Different flexible load types are categorized as
thermostatically controlled loads (TCL), urgent non-TCL, non-urgent non-TCL, and battery-based loads.
Models based on their physical behaviour are developed and simulations performed to apply the pro-
posed aggregation and control algorithm. Results show that the loads during peak hours can be shed off
without rebound demand spikes after the DR event commonly seen in other types of DR programs. The
algorithm also automatically adjusts the power demand according to the output of the distributed renew-
able generation, mitigating disruptions due to variations of the DER output. Additionally, the algorithm

is able to adjust the load demand dynamically according to the fluctuations of electricity price.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Grid frequency control and power balancing are traditionally
done by ancillary units commonly composed of fast ramping gen-
eration units such as gas turbines and diesel generators. However,
as new rules to reduce greenhouse gas emissions are implemented,
system operators are turning to non-fossil fuel powered resources.
Increased penetration of renewable generation from solar and
wind, which are intermittent and non-dispatchable, is further driv-
ing the need for fast ramping resources. From this point of view,
the use of flexibility of demand-side resources and availability of
real-time signals communication in the electricity grid enables the
interactions between the supply and the demand.

Over the past decades, considering the grid issues of power
imbalance and peak demand, demand response (DR) has proven
to be a viable option by load shedding and load shifting in response
to the need of grid. A number of studies have demonstrated the tra-
ditional DR for emergency load relief, peak load management, and
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price responsive demand [1-4]. However, the use of DR for ancil-
lary service is different from that of traditional DR applications as
DR for AS require fast response and high accuracy. Recent studies
have demonstrated the use of demand-side resources to provide
ancillary service in the electricity market [4-6]. AS can be classified
into three categories: regulation, flexibility, and contingency [7].
Ma et al. [5] and Kirby [8] described generalized DR product defi-
nitions for load participation in AS, energy, and capacity markets.
Those DR product are defined by the response time, the length of
the response, the time to fully respond and the event times being
called. Regulation service refers to the capacity to respond to ran-
dom deviations from the scheduled net load. Response time for
this type of ancillary service vary between 30s and 5 min and usu-
ally lasts for 15 min. Flexibility ancillary service addresses the large
unforeseen deviation of wind or solar output responding as fast
as 5-20 min for a duration of 1 h. Meanwhile, contingency service
is allocated for immediate response to sudden loss in generation.
Contingency services are required to respond as fast as 1-10 min
holding for a duration of 30 min or less [7]. In the US electricity mar-
ket, such as CAISO (California ISO) and PJM region, frequency service
requires 4 s response to track automatic generation (AGC) control
signals.
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From the perspective of DR enablement, DR can be considered
broadly to fall into two categories: direct control and indirect con-
trol. Direct control enables the grid operators to directly turn on
or off the customer’s loads or change the operating setpoints (e.g.
thermostat control) after a short notice. Alternatively, under indi-
rect control, grid operators send requests to reduce load demand to
customers, who have the choice to participate or not. In the context
of AS described above, demand response has to be fast and auto-
matic (i.e. Auto-DR) [9]. The variability in customer response time
makes indirect control less reliable compared to the direct control
DR, and unsuited for this application. Different control method-
ologies for harnessing the DR potential of heating ventilation and
air conditioning (HVAC) system were evaluated by [10,11]. Results
show that significant demand relief can be taken from tempera-
ture reset control and pre-cooling control but with energy and cost
penalties. Highest demand relief can be attained by curtailment
control but can only be used in shorter duration as the indoor tem-
perature quickly exceeds the comfort level for most humans. For
demand response lasting for several hours, pre-cooling control is
among the best options [12-14]. However, with regards to DR for
AS, battery-based storage and electric vehicle (EV) have proven to
be viable options for grid application, ancillary services such as
frequency regulation in particular [15-18]. When considered as
flexible resources, a number of recent studies have demonstrated
the use of EVs for increasing penetration of renewable generation
resources. In [19], the authors design three a suitable modeling of
electric vehicles with three types of controls (night charge, intel-
ligent charge and vehicle to grid) to analyze the impact of EVs on
energy systems. The authors of [16] conduct several simulations
to show the adoption of advanced centralized EV charging con-
trol strategies and allow the integration of a larger number of EVs
in the system. On the other hand, the adoption of a local level
of control will allow a better operation performance of increas-
ing penetration of intermittent and variable renewable generation
resources installed in isolated power systems. In [20], the authors
investigate the use of plug-in EVs (PEVs) to balance the fluctua-
tion of renewable energy sources and study the benefits of fleet
EVs in response dynamic price signals. In [21], the authors explore
the potential of PEVs to balance variability and uncertainty from
wind and solar generation resources. The authors demonstrate the
use of a large number of PEVs to provide ancillary services in the
regulation (secondary frequency control) time frame by leveraging
emerging information and communication technologies, and con-
clude that roughly 3 million PEVs with a charging rate of 3.3 kW
and no V2G capability would suffice to supply a large part of the
regulation up and down demand in California.

In the domain of demand response in buildings, recent studies
show that using commercial and residential HVAC load control in
grid operations can provide power regulation and ancillary services
[22-28]. Most research have demonstrated the value of demand-
side flexible loads individually at each category of DR product.
However, at the substation level, it is quite challenging to aggregate
different type of flexible loads at the same order due to different
response characteristics (e.g. response availability, depth and dura-
tion). There is a need to provide a solution to aggregate, control
and optimize each type of flexible load’s DR resource in the grid
operation.

In this study, we develop a suite of bottom-up physical mod-
els to quantify aggregate DR potential from residential sector.
Specifically, we propose a general methodology for a DR con-
troller which aggregates common types of residential electrical
loads, EV and storage, and predicts their potential to provide
demand response resource. The paper is organized as follows:
Section 2 describes the methodology for modeling each type of
flexible load in residential sector, as well as models for distributed
energy resources (DER) like solar and wind. Section 3 introduces
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Fig. 1. Aggregation of flexible loads.

the definition of flexibility for each load type, and the power allo-
cation algorithm that prioritizes loads based on their flexibility.
Section 4 uses the model detailed in Section 2 and control algo-
rithms detailed in Section 3 to demonstrate the use of aggregated
DR resource under several scenarios. Finally, the conclusion and
recommendations for future investigations are presented in Sec-
tion 5.

2. Methodology

This study uses the bottom-up approach in modeling customer
loads and their corresponding DR potential. Individual models of
electrical loads are developed based on their physical properties
and behavior. The models are then aggregated in a simulation to
mimic the load demand at the substation level where the proposed
controller should be located. Fig. 1 illustrates the setup of the con-
troller. Loads will send requests to turn on, then the controller will
prioritize all requests and grant permission according to available
power from the DER and the grid. It is assumed that the commu-
nication line between the aggregator and the loads exists and that
the central controller has the ability to prohibit a load from starting.
Two conditions are required for a load to start: load request trigger,
and permission from the central controller. The central controller
gathers the load status or simulate the load status, prioritize the
loads according to their flexibility, then allocate power by send-
ing a “permission to start” signal to the loads. If a particular load
requests to start but no permission has yet been granted from the
central controller, it shall wait until the permission to turn on is
given - inherently shifting the load demand.

2.1. Load classification

Electrical loads can be classified as: thermostatically controlled
loads (TCL); non-thermostatically controlled loads (non-TCL); and
battery-based loads. TCLs include HVACs, water heaters, refrig-
erators, and freezers. Non-TCL loads can further be classified as
urgent or non-urgent. Urgent loads are types of load that has to
respond to user’s request instantaneously after the switch is turned
on (e.g. lights, cooking appliances, entertainment appliances). Non-
urgent loads are those that can be started after some allowable time
delay such as dishwashers, washing machines, and clothes dryers.
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