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ABSTRACT

This paper reviews recent research on the demand flexibility of residential buildings in regard to defini-
tions, flexible loads, and quantification methods. A systematic distinction of the terminology is made,
including the demand flexibility, operation flexibility, and energy flexibility of buildings. A comprehen-
sive definition of building demand flexibility is proposed based on an analysis of the existing definitions.
Moreover, the flexibility capabilities and operation characteristics of the main residential flexible loads
are summarized and compared. Models and evaluation indicators to quantify the flexibility of these
flexible loads are reviewed and summarized. Current research gaps and challenges are identified and ana-
lyzed as well. The results indicate that previous studies have focused on the flexibility of central air con-
ditioning, electric water heaters, wet appliances, refrigerators, and lighting, where the proportion of
studies focusing on each of these subjects is 36.7%, 25.7%, 14.7%, 9.2%, and 8.3%, respectively. These
flexible loads are different in running modes, usage frequencies, seasons, and capabilities for shedding,
shifting, and modulation, while their response characteristics are not yet clear. Furthermore, recommen-
dations are given for the application of white-, black-, and grey-box models for modeling flexible loads in
different situations. Numerous static flexibility evaluation indicators that are based on the aspects of
power, temporality, energy, efficiency, economics, and the environment have been proposed in previous
publications, but a consensus and standardized evaluation framework is lacking. This review can help
readers better understand building demand flexibility and learn about the characteristics of different
residential flexible loads, while also providing suggestions for future research on the modeling

techniques and evaluation metrics of residential building demand flexibility.
© 2022 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. Background

development of business modes and markets [5]. Quantifying
building demand flexibility is the basis for addressing the remain-
ing problems. It is a great challenge to quantify the demand flexi-
bility of buildings, especially that of residential buildings, due to

Building demand flexibility is playing an increasingly important
role in ensuring the stability of utility grids, particularly as higher
renewable energy penetration is expected in the future [1,2]. Nev-
ertheless, leveraging building demand flexibility involves several
critical issues, including flexibility capacity quantification [3], opti-
mal scheduling and control of flexible resources [4], and flexibility
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the usage of various types of household appliances with different
flexibility capabilities, operation characteristics, energy usage pat-
terns, and response characteristics.

In general, the energy demands of residential buildings include
space cooling, space heating, and hot water; these demands are
mainly satisfied by various household electric appliances such as
air conditioners and electric water heaters. The usage of other
household electric appliances, including washing machines,
clothes dryers, dishwashers, and so forth, also leads to electricity
demands. Research has indicated that building load profiles can
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be adjusted to provide flexibility through demand-side manage-
ment strategies [6]. The temperature set-points of thermostatically
controlled loads—that are, air conditioners, electric water heaters,
and refrigerators—can be adjusted to decrease or increase power
consumption [7]; the operation time of washing machines, clothes
dryers, dishwashers, and so forth can be shifted to off-peak time
[8]; and the charging time of electric vehicles can be adjusted
[9]. Residential buildings have significant demand flexibility
[10,11].

1.2. Previous reviews

Considerable efforts have been made to quantify the demand
flexibility potential of buildings. A review study on energy flexibi-
lity in district heating was carried out by Ma et al. [12], which
covered the components of district heating systems, markets, and
energy flexibility potential. Refs. [13,14] contains reviews of the
methods used to evaluate the energy flexibility of buildings,
although these methods are not universal and are only applicable
to specific systems with certain technologies deployed. Bloess
et al. [15] reviewed power-to-heat technologies, modeling
approaches, and flexibility potentials for the integration of renew-
able energy, and concluded that heat pumps and passive thermal
storage are particularly favorable options. Moreover, several tech-
nological options to improve the flexibility of the Finnish energy
system, such as district heating and cooling, electric vehicles,
energy storage, smart meters, and demand response, are summa-
rized and discussed in Ref. [16], while a similar literature review
can be found in Ref. [17]. However, these reviews [12-17] focus
on the supply-side flexibility of building energy systems without
considering the load flexibility of end users.

In fact, a few reviews involving building load flexibility have
also been carried out. Chen et al. [18] conducted a comprehensive
literature review on measures to enhance building demand flexi-
bility. The discussed measures included renewable energy genera-
tion; heating, ventilation, and air conditioning (HVAC) systems;
energy storage; building thermal mass; shiftable electrical appli-
ances; and occupant behaviors. However, the properties and capa-
bilities of each type of flexible load were not reviewed, and a
definition of building demand flexibility, models, and indicators
to quantify the flexibility of these flexible resources were not pro-
vided. In Ref. [19], different flexible resources in commercial and
residential buildings, including building onsite generation tech-
nologies, static batteries, HVACs, and shiftable electrical appli-
ances, have been summarized. Nevertheless, reviews on
residential flexible loads are limited, as they do not include their
characteristics in regard to operation, energy, and time. Moreover,
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the definition of building demand flexibility and methods to quan-
tify building demand flexibility have not been reviewed.

Table 1 presents a summary of these review articles, which
clearly shows that flexibility technologies related to district
heating [12,16], district cooling [16], power-to-heat technologies
[15,17], thermal energy storage [13,14,16-18], electric energy
storage [16,17,19], electric vehicles [16,17], and onsite power
generation [17-19] have been well reviewed. The flexibility of
residential flexible loads that include HVAC systems, shiftable
electric appliances, and lighting has also been investigated in
Refs. [18,19]. Nevertheless, reviews on such flexible loads are
limited, because these reviews mainly focus on other flexibil-
ity technologies. In addition, the definition and quantification
methods of building demand flexibility are not reviewed in the
above studies. Thus, in order to better comprehend, quantify, and
harness residential demand flexibility, it is necessary to perform
a comprehensive review of its definitions, flexible loads, and
evaluation approaches.

1.3. Motivation and work of this paper

The above literature review shows that the majority of previous
review articles on building demand flexibility have been dedicated
to overcoming technical hurdles concerning energy utilization in
order to improve flexibility potential, while ignoring the flexibility
of building demand-side resources. Although some studies have
reviewed residential building demand flexibility while considering
different types of household appliances, these investigations are
limited, as the flexibility capabilities and operation characteristics
of these flexible loads have not been clarified well. Furthermore, a
comprehensive summary of definitions, models, and evaluation
metrics to quantify residential building demand flexibility is
lacking.

Therefore, the main purpose of this paper is to conduct a sys-
tematic review of the demand flexibility of residential buildings
in regard to definitions, flexible loads, and quantification methods.
First, an overview of current studies on residential building
demand flexibility is given. In order to better understand building
flexibility, various terms related to building energy flexibility,
operation flexibility, building demand flexibility, and building load
flexibility are distinguished. Then, a holistic overview of the defini-
tions of building demand flexibility is presented, and a comprehen-
sive definition is proposed. Moreover, the flexibility capabilities
and operation characteristics of the main residential flexible loads
are summarized and discussed. The models and evaluation
indicators used to quantify the flexibility of these flexible loads
are reviewed and summarized, and the research gaps and chal-

Table 1
A summary of review articles on the demand flexibility of buildings.
Year Flexible resources Market
Supply-side Demand-side
Onsite power District District Power- Thermal Electric Others HVACs Electric Deferred Lighting
generation heating cooling to-heat energy energy vehicles electrical
storage storage appliances
2020 [12] I e
2016 [13] o
2018 [14]
2018 [15] 2
2018 [16] - - v » v P
2015 [17] P - P P - -
2018 [18] I P P v o
2021 [19] - ~ - ./ ~ ,,
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lenges are identified and analyzed. This review can help readers to
better understand building demand flexibility and to distinguish
the characteristics of diverse residential flexible loads. This study
also provides suggestions for future work on the modeling
techniques and evaluation metrics of residential building demand
flexibility.

2. Methods

This review analyzes in detail those publications focusing on
residential building demand flexibility, and was conducted in
accordance with the technical roadmap shown in Fig. 1. The key-
words used for literature research were divided into three query
sets, as shown in Table 2. The three query sets were combined with
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Table 2
Query set for literature search.

Set Keywords

1 Residential OR home OR household OR
appliance

2 “Energy flexibility” OR “demand flexibility”
OR “load flexibility” OR “operation
flexibility” OR “demand response” OR “load
shift*” OR “load shed*” OR “load shav*” OR
“load reduc*”

3 Quanti* OR estimat* OR calculat* OR
evaluat* OR defin*

Meaning

Set the search scope to
be residential buildings
Set the keywords
related to energy
flexibility

Set the keywords
related to quantification

the “AND” logic operator for literature research in the Web of
Science search engine. The searched articles were then imported

; Keywords Search engines
! O Query set for literature search . :
: O WebofS http://webofknowledge. com/ :
V5 (1) Set 1: residential OR home OR household OR © _0_ cnence.( . .o nowledge: sorm)
§ appliance I:> O Specific professional websites .
. 3 (2) Set 2: “energy flexibility” OR “demand flexibility” OR -
. 2 H
= “load flexibility” OR “operation flexibility” OR e @ ]
E _8 “demand response” OR “load shift” OR “load shed™ Publication selection
; § OR “load shav” OR “load reduc™ :
% . . O Title, keywords, and abstract ]
: (3) Set3:quanti” OR estimat” OR calculat” OR evaluat® . . i | :
: OR defin® mp.ac actors of journals .
Combine each query set via “AND” for literature search O Toples '
Part 1: overview of relevant studies Part 2: terminology and definition
(1) Distinguished by regions (1) Terminology distinction
O Europe, Asia, North America, America, and South O Building energy/operation/system/demand/load
America flexibility
o . (2) Novel definition development
(2) Distinguished by flexible resources >
" O Building demand flexibility: principle, scope,
% HIEVAGC, electgwatarheatenrefrigarator; wet objective, direction, grid interaction, stakeholders,
§ appliance, lighting, and others and measures
e
-
o
% Part 4: quantification methods Part 3: residential flexible loads

(1) Modeling techniques
O White-box models
O Black-box models

O Grey-box models

(2) Quantification indicators

O Direct metrics

O Indirect metrics

(1) Source of flexible loads

O HVAC, electric water heater, refrigerator, ...
<:j (2) Flexibility capability

O Shedding, shifting, and modulation

(3) Property of flexible loads

O Operation characteristics

O Response characteristics

o G

Fig. 1. Technical roadmap of this study. * is the truncation symbol and represents the omitted characters.
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into a reference manager to be filtered. First, the searched articles
were roughly filtered based on their title, keywords, and abstract,
and on the impact factors of their journals. Then, papers relevant
to building demand flexibility definitions, residential flexible load
characteristics, residential flexible load modeling, and flexibility
quantification indicators were picked out after more in-depth
reading. Apart from the searched papers, several worthy reports
were also downloaded from specific professional websites. The
numbers of each type of final selected publication, including
review literature, journal papers, conference articles, and reports,
are presented in Fig. 2. Finally, the literature review was conducted
based on the selected publications; it is composed of four parts, as
illustrated in Fig. 1.

3. Overview of studies on residential building demand
flexibility

The publications reviewed in this paper have been classified
with respect to the authors’ affiliations and research objects, as
shown in Table 3 and Fig. 3, respectively. As depicted in Table 3,
current research in this field is being led by Europe with 54.4% of
all publications. Asia is the continent with the second most publi-
cations, accounting for 22.8% of the total publications, followed by
North America with 21.5% of the total publications. The remaining

1"

Conference

Review

Journal Report

Fig. 2. Numbers of the various types of publications reviewed in this paper.

Table 3
Distribution of the authors’ affiliations of the reviewed publications.

Continents Countries Ratio Total

Europe Denmark 10.1% 54.4%
Italy 7.6%
Belgium 6.3%
Ireland 3.8%
Sweden 3.8%
Portugal 2.5%
France 3.8%
Greece 2.5%
Spain 1.3%
Germany 3.8%
UK 2.5%
Luxembourg 1.3%
Netherlands 5.1%

Asia China 15.2% 22.8%
Singapore 2.5%
Japan 1.3%
India 1.3%
The Republic of Korea 1.3%
Iran 1.3%

North America USA 17.7% 21.5%
Canada 3.8%

Africa South Africa 1.3% 1.3%
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Electric water heater
14.7%

Refrigerator Lighting
9.2% 8.2%
Wet appliances
25.7%

Others 5.5%

Fig. 3. Distribution of different residential flexible loads investigated in previous
studies.

continents contribute only 1.3% of the total publications, which are
mainly published from Africa. In regard to specific countries, the
United States and China investigate residential building demand
flexibility the most, producing 17.7% and 15.2% of the total publi-
cations, respectively. The United States and China are then fol-
lowed by Demark, Italy, Belgium, and the Netherlands. In
addition to the differences between countries, there are discrepan-
cies in the research objects. As illustrated in Fig. 3, these research-
ers mainly focus on the flexibility of air conditioners, wet
appliances and electric water heaters, for which the proportions
are 36.7%, 25.7%, and 14.7%, respectively. Meanwhile, publications
on the flexibility of refrigerators and lighting only account for 9.2%
and 8.3%, respectively. There are very few studies on other residen-
tial flexible loads such as televisions [20]. In particular, regarding
the flexibility of air conditioner loads, previous studies have
focused on central air conditioning, while the flexibility of pack-
aged air conditioning units has been rarely investigated. Packaged
air conditioners are, however, worth studying, especially for China,
where packaged air conditioning units are widely used in residen-
tial buildings due to the multi-household residential building form.

4. Definition and features of building demand flexibility
4.1. Different terms about building flexibility

As defined by the Oxford English Dictionary, flexibility is “the
ability to change to suit new conditions or situations.” The first
introduction of flexibility to power-system engineering dates back
to the 1990s [21]. Since then, this concept has gradually been
applied to the fields of energy and buildings, especially to grid-
interactive efficient building [22,23]. Nevertheless, to our best
knowledge, there is still no unified definition of flexibility, whether
for the power-system field [24,25] or the building energy conserva-
tion field [26-28]. Several terms associated with the flexibility of
buildings, including energy flexibility, demand flexibility, load flexibil-
ity, and operation flexibility, have emerged but have not been clearly
distinguished when used. In some reports [23,29], the authors
seem to imply that the energy flexibility, demand flexibility, and
load flexibility of buildings are the same. One report [29] defined
building demand flexibility as the capability of distributed energy
resources to adjust a building’s load profile across different time-
scales, and stated that energy flexibility and load flexibility are
often used interchangeably with demand flexibility. In many stud-
ies [8,30-32], the demand flexibility, operation flexibility, and
energy flexibility of buildings have uniform implications. As far
as we can see, it is reasonable for the terms demand flexibility
and load flexibility to have the same meanings. However, terms
such as the energy flexibility, demand flexibility, and operation
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flexibility of buildings have different meanings from the perspec-
tive of the building. A systematic distinction of these terms is
expressed in Fig. 4 and described in detail as follows.

Building energy flexibility covers the widest range among the
four terms. It contains all flexible resources of a building, including
building energy systems, the building itself (e.g., envelope, HVACs,
electric appliances, and electric vehicles) as well as the occupants’
behaviors [33]. At the supply side of a building energy system, dis-
tributed energy generation (e.g., solar photovoltaics (PVs); wind
turbines; and combined cooling, heating, and power) is popularly
deployed to decrease the building’s net load imported from the
utility grid. Hence, numerous researchers believe that a building’s
onsite generation can contribute to building energy flexibility
[18,19,34,35].

Moreover, integrating various technologies can enhance the
flexibility of a building energy system operation, which is known
as operation flexibility [36] or system flexibility [37]. Ref. [31] has
demonstrated that the combination of utility grids and district
heating networks can improve the flexibility of space heating. Fur-
thermore, integrating building energy systems and energy storage
systems can improve the operation flexibility via optimized charg-
ing and discharging [38-40]. Operation flexibility can also be
enhanced by employing advanced technologies such as power-
to-gas and power-to-hydrogen in energy systems [17,41].

For the demand side, some building loads such as HVACs, elec-
tric appliances, and electric vehicles can be shifted, curtailed, or
moderated to a degree through various demand-side management
measures [42-44]. This is known as building demand flexibility or
building load flexibility. Therefore, the energy flexibility, demand
flexibility, and operation flexibility of buildings have different
meanings and application scopes.
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Building energy flexibility includes supply-side flexibility and
demand-side flexibility. The former is further divided into genera-
tion flexibility and operation/system flexibility. Generation flexibil-
ity is rooted in the flexibility of building onsite generation
technologies that reduce the building’s net power, while operation
flexibility describes the flexibility of building energy systems opera-
tion. Demand-side flexibility (or load flexibility) refers to the flexi-
bility of building loads derived from different energy-using appli-
ances. A systematic distinction of these terms makes their
implications much clearer and avoids confusing usage in future.
It can also help readers to better understand and distinguish vari-
ous types of building flexibility.

4.2. Definition of building demand flexibility

The terms energy/demand/operation flexibility are distin-
guished above from the perspective of flexible resources. Never-
theless, distinguishing between them does not answer the
question, “what is building energy/demand/operation flexibility?”
Currently, numerous definitions related to these terms exist, and
there is no commonly agreed-upon standard definition. In this
paper, we focus on building demand flexibility. A holistic overview
of the definition of building demand flexibility is presented and a
comprehensive definition is proposed in this section.

The diverse definitions of building demand flexibility in the pre-
vious literature are summarized in Table 4 [1,8,19,23,45-47].
Since the meanings of building energy flexibility and building
demand flexibility are not distinguished in many papers, the defi-
nitions of building energy flexibility are also listed in Table 4. It is
clear that the most common idea behind building flexibility is to
adjust a building’s loads to satisfy various requirements, such as

Building energy flexibility

Supply-side flexibility

Demand-side flexibility

Generation flexibility

Operation/system flexibility

Renewable power generation
O Solar photovoltaic

O Wind turbine

o..

Combination of technologies
O Heat pumps and district heating
o..

Other on-site generation

O Combined cooling, heating
and power

O Fuel cell

o..

Active energy storages

O Battery

O Thermal energy storage
O...

Passive energy storages

O Building thermal mass

O Phase change wallboard/wall
o..

Advanced technologies
O Power-to-gas

O Power-to-hydrogen
o..

Demand/load flexibility

Thermostatically controlled loads
O HVAC

O Electric water heaters with storage

O Refrigerators
o..

Non-thermostatically controlled loads

O Washing machines
O Clothes dryers

O Dishwashers

o..

Battery-based loads
O Electric vehicles
O Vacuum cleaners
O Laptop

O...
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Fig. 4. Distinction of various terms used to describe the flexibility of buildings.
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Table 4
Definitions of building energy flexibility and building demand flexibility.
Source Terminology Definition
Tang et al. [19] Building energy flexibility The ability to reshape the normal building consumption pattern under various requests from a power grid.

Jensen et al. [1] Building energy flexibility

(D The energy flexibility of a building is the ability to manage its demand and generation according to local

climate conditions, user needs, and energy-network requirements; @ energy flexibility of buildings will thus
allow for demand-side management/load control and thereby demand response based on the requirements of
the surrounding energy networks.

Johra et al. [45] Building energy flexibility
thermal comfort.

Neukomm et al. [23]

De Coninck et al. [46]

Nuytten et al. [47]

Building demand flexibility

Building energy flexibility

Building energy flexibility
during the day.

D’hulst et al. [8] Flexibility of appliances

The capacity to shift in time heating use from high price to low price periods while insuring good indoor
Capability of distributed energy resources to adjust a building’s load profile across different timescales.
The ability to deviate from its reference electric load profile.

The maximum time a certain power draw can be delayed or additionally called upon at a certain moment

The power increases and decreases that are possible within these functional and comfort limits, combined with

how long the changes can be sustained.

user needs, surrounding energy-network requests, and grid require-
ments. However, the majority of definitions are either somewhat
unclear or somewhat narrow in their scope and are quite case-
specific. Moreover, most definitions do not clearly show the principle
that the usage of building flexibility does not sacrifice occupant com-
fort, productivity, and health, as these definitions are proposed only
from the perspective of one stakeholder—either the grid operators or
building owners. Considering these limitations, a more comprehen-
sive definition of building demand flexibility is proposed in this
study. Building demand flexibility is defined as the ability to manage
a building’s flexible resources in order to change its load profile to
meet different requirements without sacrificing end-user interests.
In this definition, the requirements are to curtail a building’s peak
load, flatten the building power-consumption curves, improve
renewable energy self-consumption, maintain energy-network sta-
bility, provide grid services, reduce end-user energy costs, and so
forth. The interests of end users include their comfort, productivity,
health, and convenience. The proposed definition has a much wider
application scope, as it can be applied to heating supply networks,
power networks such as utility grids and microgrids, and so forth.
It can also be applied to various building types, such as commercial
buildings and residential buildings.

In this paper, we focus on the application of residential demand
flexibility in power networks. Although the definition is developed
for building demand flexibility, it can be extended to building
energy flexibility when the scope presented in the definition con-
sists of all the flexible resources of the building. Table 5 provides
a comparison between the strengths of the proposed definition
and those of the definitions provided in previous studies. It can
be seen that the proposed definition is more explicit and compre-
hensive, with a wider application scope.

5. Flexible loads in residential buildings

Residential buildings generally contain numerous household
electrical appliances. As presented in Fig. 5, a residential building

Table 5

Comparison of the strengths of the proposed definition with those of previous definitions.

usually contains seven categories of electric appliances: cold, heat-
ing, wet, cooking, lighting, brown, and electric vehicles [48,49],
although these categories may vary in different countries [50].
Residential buildings can provide demand flexibility for utility
grids through load shifting, load shedding, and load modulation
such as frequency regulation and voltage support [29]. Previous
studies have concentrated on the flexibility of central air condi-
tioners, electric water heaters, wet appliances, refrigerators, and
lighting, as shown in Fig. 3. Therefore, the flexibility capabilities
and operation characteristics of these flexible loads are clarified
in detail in the following sections.

5.1. Heating, ventilation, and air conditioning

HVAC systems are vital and unique building flexible loads,
accounting for 40% of building energy consumption and contribut-
ing significantly to building peak demands in summer and winter
[51]. They usually operate intermittently in summer and winter
to maintain the indoor temperature, humidity, and CO, concentra-
tion within the desired ranges in order to guarantee the occupants’
comfort, productivity, and health [52].

Common measures by which HVAC systems provide demand
flexibility for utility grids include temperature set-point resetting
and pre-cooling/pre-heating. By increasing the room temperature
set-point, the air conditioning load can be shed during summer
peak time; however, this will lead to a rebound effect, because
the room temperature needs to be restored to the original value,
as illustrated in Fig. 6(a). Moreover, pre-cooling/pre-heating is a
promising demand-side management measure that leverages the
thermal inertia of a building’s elements, such as its envelope
(e.g., exterior walls and roof), indoor air volume, and indoor ther-
mal mass (e.g., furniture and interior walls) [53,54], without down-
grading occupant comfort. Cooling/heating capacity can be stored
in a building’s thermal mass by HVAC systems and then discharged
during the peak demand period to provide load shifting and shed-
ding services for utility grids, as shown in Fig. 6(b). In addition to

Implications Previous definitions

Proposed definition

Objective To decrease energy consumption at peak time
Principle Mostly not considered

Application scope Limited application scenarios

Direction Decrease energy consumption

Grid-interaction
Stakeholders
Flexibility measures

Energy tariffs
Individual stakeholders
Load shifting and load shedding

support)

To curtail a building’s peak loads, ensure utility grid stability, etc.

Not compromising end-user interests

Various energy networks such as heating networks, utility grids, microgrids, etc.
Decrease or increase energy consumption

Energy tariffs, local renewable generations, and CO, tax

End users, aggregators, and utility grids

Load shifting, load shedding, and load modulation (e.g., frequency regulation and voltage
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@ Dishwasher; @ coffee machine; @ microwave oven; @ electric oven; & soymilk machine; ® kettle; @ electric cooker;
range hood; @ refrigerator; @0 electric water heater; i) washing machine; @ clothes dryer; ®vacuum cleaner; @ air purifier;
@ electric hob; @ fan; 7 drinking fountain; @®television; @ packaged air conditioning unit; @0 electronic devices; @)computer;
@ laptop; @ packaged air conditioning unit; @ lighting; @ electric iron; @ hair dryer; @ electric vehicle.

Fig. 5. Household electrical appliances that might be found in a typical residential building.
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Fig. 6. HVAC demand response: (a) global thermal zone temperature reset; (b) pre-cooling. Tse is set-point temperature of HVACS; Tiimit,upper aNd Tiimit,lower are the upper limit
and lower limit of thermal comfort temperature range, respectively; Tindoor iS indoor air temperature of rooms.

providing peak demand reductions, an HVAC system can provide
load-modulation services through the strategies of static pressure
adjustment, water-supply temperature resetting, and frequency
control [51]. HVAC systems can provide load shedding, load shift-
ing, and load-modulation services [51,55,56].

In general, HVAC systems under various demand-side manage-
ment strategies have diverse response characteristics in regard to
response time, ramping time, response duration, and load shifting
and shedding potential. As summarized in Table 6, under a set-
point adjustment strategy, an HVAC system usually responds in
less than 2 min and ramps for 5-30 min, with the curtailment

129

period lasting for 0.5-4.0 h to decrease the peak loads of the grid.
The response duration under a pre-cooling/pre-heating strategy is
0.5-3.0 h, but the response time and ramping time are not clear. To
provide frequency regulation, the response time of an HVAC is usu-
ally less than 1 min, and the response duration is from seconds to
minutes. The response characteristics of HVACs depend on several
factors such as communication delay, mechanical response delay,
or system inertia delay, and these factors vary for different HVAC
systems [57]. At present, the majority of studies on the flexibility
of HVACs are conducted using simulation software, including
TRNSYS [26,58], EnergyPlus [55,59-61], Dymola [35], GAMS [62],
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Table 6
Response characteristics of HVAC loads.
Demand strategies Response Ramping Response Grid services Potential
time time duration
Set-point adjustment <2 min 5-30 min 0.5-4.0 h Peak load reduction o A maximum decrease of 0.005 kW-m~2 in peak power [55]
[26,35,42,55,56,58, e A maximum load decrease of 1.2 kW per household [42]
61,63-66] e A maximum load reduction decrease of 1.9 KW per
household [35]
e 15%-20% load reduction [65]
e 22%-37% load reduction [66]
e 200-800 W load reduction [26]
Pre-cooling/pre-heating - - 0.5-3.0 h Peak load shifting o Average 800 W load reduction [67]
[43,57,59,60,62,67,68] e 15%-30% load shifting [59]
e 12-66 kWh load shifting [57]
© 36 Wh-m~2 load shifting [43]
o 25 kWh-m~2 year load shifting [60]
Static pressure adjustment, <1 min - Seconds to  Frequency regulation e 15% of the fan power can be used for frequency regulation
supply water temperature minutes [69-72] [69]

resetting, and frequency
control

e 4 GW power can be provided by variable speed fans for
frequency regulation in the United States [70]

and some software combinations [63,64], as well as some data-
driven approaches [42,56,65]. Nevertheless, it is difficult to explore
the response characteristics of HVACs through these ways alone, as
a more comprehensive investigation requires experiments. More-
over, various flexibility potentials under different strategies have
been obtained in previous studies. However, it is difficult to com-
pare the various flexibility potentials with each other due to incon-
sistencies between the studies in regard to, for example, the type of
HVAC system studied, the boundary conditions enforced, and the
evaluation indicators adopted.

5.2. Electric water heaters

Electric water heaters are typically available in two primary
configurations: storage and tankless [51,73]. An electric storage
water heater is capable of shedding and shifting loads. Water hea-
ters with storage capability that heat the water inside a container
and then store it for later usage are employed in many residential
buildings. Such heaters usually work intermittently to maintain
the water temperature within desired temperature bounds that
are typically set differently in various seasons.

The water temperature rises when the electric water heater
operates and falls when the appliance is turned off, due to hot-
water consumption or standby heat loss [74,75]. The temperature
set-point and upper/lower limits are determined by the end user;
hence, they vary from one occupant to another. Electric water hea-
ters can provide load-shedding and load-shifting services [51],
which are impacted by the occupants’ preferences in water tem-
perature and tolerable temperature range [76]. As with HVAC sys-
tems, building owners can decrease the water setting temperature
to reduce electricity consumption during the peak time, with little
impact on the occupants. This action also reduces the standby heat
losses of hot-water storage systems [68]. Once the curtailment
period ends, electric water heaters operate in a higher power mode
to heat the water temperature to the setting value [8]. Pre-heating
is also a popular demand-side management measure for electric
water heaters to shift loads away from peak demand periods,
which is similar measures for HVAC systems. However, pre-
heating increases the standby heat losses of hot-water storage
units [77]. Electric water heaters can also provide load-
modulation services covering frequency regulation, synchronous
reserves, and so forth [78].

Some research has been done on the flexibility of electric water
heaters. For example, D’hulst et al. [8] estimated the flexibility
potential of an electric water heater with a rated power of
2.4 KW based on data obtained in pilot tests. According to their
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results, the maximal power curtailment of an electric water heater
was 0.3 kW, which could be sustained for more than 10 h during
the day. To provide different grid services in regard to peak shav-
ing, frequency regulation, synchronous reserves, and so forth, a
novel electric water heater model was developed [78] that incor-
porates both thermal losses and water usage to determine the
water temperature in the tank. A voltage-control strategy was pro-
posed to manage aggregated residential electric water heater loads
in order to reduce peak demands [79]. In Ref. [80], the scheduling
of an electric water heater on a typical day was optimized in order
to minimize electricity costs while maintaining the water
temperature within the desired comfort range. Similar studies
[81-84] also exist. Electric water heaters have also been used to
match the residential PV power generation [73]. Electric water
heaters are a vital flexible resource on the residential building
demand side and can be used to shed, shift, and modulate loads
to maintain utility grid stability. However, their response charac-
teristics under different demand strategies remain unclear, since
studies on this topic are rare [85].

5.3. Refrigerators

Refrigerators are widely used in residential buildings and can
offer demand flexibility to utility grids [32,51]. Similar to HVAC
systems, refrigerators run a vapor compression cycle to transfer
the heat from the internal space to the external environment
[86]. They operate intermittently to maintain the refrigerated
cavity within specific temperature bounds, thereby preventing
food spoilage [87]. Refrigerators can provide utility grid services
through low-power-mode continuous operation for load shifting
[51] and set-point resetting for load shedding [88]. They can also
provide load-modulation services [89]. As stated in Ref. [90], a
refrigerator can respond to power requests for less than 30 s, and
can maintain consumption adjustment for 15 min to regulate
frequency and for 1 h to provide load-shedding services by modi-
fying the internal temperature set points. The response characteri-
stics of refrigerators have rarely been investigated in other studies.
The flexibility of refrigerators with phase-change materials was
exploited to decrease peak loads and running costs by optimizing
a refrigerator’s cyclic operations under time-of-use tariffs [91].

5.4. Wet appliances
Wet devices, also known as white goods [92], are promising

flexible loads. These devices include dishwashers, washing machi-
nes, and clothes dryers, and account for 15% of total household
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demand. In general, these appliances operate in finite cycles that
are usually started manually by the occupants according to their
needs. Once these devices start up, they are not normally shut off
until the finite cycle has ended. The finite cycle of wet appliances
has a fixed duration. Nevertheless, different views still exist; for
example, the authors of Refs. [82,93] divided the operation of
wet appliances into a set of sequential energy phases, in which
adjacent stages can be interrupted.

Wet appliances provide demand flexibility through the occu-
pants delaying or advancing the start of these appliances in order
to shift the entire cycle away from peak demand periods, with
few effects on usage. However, these appliances have no load-
shedding capability, as their cycles can only be run at different
times while their total energy consumption remains constant.
Thus, these devices cannot provide any load-modulation services.
The demand flexibility of wet appliances is determined by their
usage frequencies: The more frequently they are used, the greater
the flexibility they provide. In real life, dishwashers may be used
twice a day or once a day. Washing machines and clothes dryers
may be used every day in summer and less frequently in winter.
The usage frequency relies on the occupants and varies from indi-
vidual to individual depending on age, gender, living habits, popu-
lation, and income [94,95]. The usage frequency is also different on
weekdays and weekends, as well as in different seasons [8,50]. To
quantify the shifting flexibility capacity of wet appliances, the con-
cept of a “flexibility window,” (twindow) Which is defined as the
duration between the configuration time and the deadline, was
proposed by D’hulst et al. [8]. The flexibility of wet appliances in
the time window is illustrated in Fig. 7. According to the relation-
ship between twindow and the duration of peak demand, tpea

‘window

Engineering 16 (2022) 123-140

different flexibility potentials can be obtained. From Figs. 7(c-f),
it can be seen that the loads of wet appliances can be partially
shifted away from peak demand periods; under the conditions
shown in Figs. 7(a), (b), (g), and (h), they can be shifted completely.
The flexibility of wet appliances depends on the setting of the
flexibility window.

Previous studies have investigated the flexibility of wet appli-
ances in detail, focusing on the evaluation of the demand flexibility
of wet devices [8,30,50,93,96-102] and the benefits of wet-device
load shifting [46,81,82,97,103-107]. Different ways of tackling
these problems, including experiments [8,50,92,97-102,104,107],
simulations [81,82,93,103,106,108-111], surveys [30], and an inte-
gration of experiments with simulations [96,105], have been
employed. The common way to assess the flexibility of wet
appliances is to analyze their potential based on the measured data
in pilot tests [98-101]. First, probabilistic models of consumer
behavior are established. Then, the households participating in
the experiment are divided into different groups. Lastly, the
flexibility profile of each group is calculated using statistical
methods. These processes are essential for estimating the flexibi-
lity potential of wet devices at a national level [8,30,50,93,96,
102]. These studies have reached a few common conclusions.
Wet appliances have significant load-shifting potential, which is
higher on weekends than on weekdays, is higher in winter than
in summer [8,50,101,102], and can be stable over a long period
of time [99,100]. Moreover, the load-shifting flexibility of dish-
washers is much higher than that of washing machines
[30,98,101]. To benefit from the load shifting of wet devices, a
single-objective optimization model is usually deployed to
optimize the starting time of wet appliances, with the aim of
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minimizing energy costs within a specific electricity tariff. In this
model, the usage patterns of wet appliances are obtained through
experiments [104,107], simulations [81,82,106,108-111], and the
integration of experiments with simulations [96,105]. According
to these studies, the load of wet devices can be shifted to a time
when the electricity price is low, with the self-consumption of
local power generation increasing and electricity costs decreasing.

5.5. Lighting

Lighting is considered to be a flexible load; it accounts for 10% of
the total energy consumption of residential buildings [112] and
can rise to 15% for commercial buildings [113]. Lighting systems
are widely used in buildings to maintain an adequate level of visual
comfort for the occupants and function in conjunction with natural
daylight to achieve this comfort. Lights are mainly used at night
and tend to run continuously, only being switched off when the
occupants sleep or leave. Lighting loads depend on weather condi-
tions, the geometry of buildings, and occupancy profiles [114,115].
When there is sufficient daylight to satisfy the need for indoor
lighting, artificial lighting can be turned down without jeopardiz-
ing the occupants’ visual comfort [114,116]. For example, when
the indoor illumination is above 500 Ix in a residential room, the
lighting can be switched off through the energy management sys-
tem [117]. Therefore, lighting systems can provide demand flexi-
bility by shedding loads. In contrast to other flexible loads such
as HVACs and wet appliances, lighting demands cannot be shifted.
Moreover, lighting systems can respond quickly to provide grid
ancillary services without delay, compared with other household
electric devices [19]. The flexibility of lighting loads is time inde-
pendent, since indoor illumination at a certain moment is only rel-
evant to the current lighting power and is not impacted by the
lighting situation at an earlier point in time.

Dimmable lighting systems have been increasingly employed in
modern buildings in the past few years. The illumination of such
systems can be adjusted to maintain good visual comfort [118].
In Ref. [35], three different dimming levels were adopted to quan-
tify the flexibility potential of lighting during peak periods. In Ref.
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[119], two different measures for lighting load shaving were inves-
tigated: changing the correlated color temperature of light sources
and dimming their luminous fluxes. A method to quantify lighting
demand flexibility potential was developed by Yu et al. [115], con-
sidering dynamic daylight and stochastic occupancy. The flexibility
evaluation indicators included characteristic metrics for identify-
ing the parameters of modifying the light demands in multiple
dimensions and performance indicators assessing the capability
of adjusting buildings’ load profiles according to utility grid
requirements.

5.6. Summary and comparative analysis

Based on our literature review, this section summarized the dif-
ferences in the flexibility capabilities and operation characteristics
of HVAC s, electric water heaters, refrigerators, wet appliances, and
lighting. As presented in Table 7, these flexible loads have different
flexibility capabilities. Thermostatically controlled loads can be
shed, shifted, and modulated. Lighting loads can not only be shed
but also be modulated, while wet appliances can only provide
load-shifting services. Moreover, these appliances have different
running modes. HVAC systems, electricity water heaters, and
refrigerators run intermittently and lighting operates continu-
ously, while wet appliances have finite cycles with sequential pro-
cesses when operating. These modes are dependent on the
characteristics of the appliances. Furthermore, there are distinc-
tions in the usage frequencies of these appliances. HVAC systems
operate almost every day in summer and winter, electric water
heaters and refrigerators run all day, and lighting is used every
day; in contrast, the usage frequencies of wet appliances are deter-
mined by the occupants and vary on weekdays and weekends. As
for seasonal operation characteristics, HVAC systems operate in
cooling and heating modes in summer and winter, respectively;
the temperature setting and standby heat losses of electric water
heaters are different in various seasons; and the seasons affect
the usage frequencies of washing machines. On the other hand,
the seasons rarely impact the use of refrigerators, dishwashers,
and lighting.

Table 7
Characteristics of different flexible loads in residential buildings.
Category Appliance Capability Operation characteristics Energy Time Weather
Running mode Usage frequency Seasonal features consumption property property
changes
Adjustable  HVAC Shed, Intermittently Almost every day in Various operation Increasing, Dependent Dependent
loads shift, and winter and summer modes in winter and decreasing, or
modulate summer remaining constant
Electric Shed, Intermittently Running all day Various temperature Increasing, Dependent Dependent
water shift, and settings and standby decreasing, or
heaters modulate heat losses remaining constant
Refrigerators  Shed, Intermittently Running all day No obvious seasonal Increasing, Dependent Dependent
shift, and differences decreasing, or
Modulate remaining constant
Shifting Dishwashers  Shift Finite cycle with Depending on No obvious seasonal Remaining Dependent Independent
loads sequential occupants; differences constant
processing twice a day or once a day
Washing Shift Finite cycle with Depending on Various usage Remaining Dependent Independent
machines sequential occupants; frequencies in constant
processing different on weekdays, different seasons
weekends, and in
different seasons
Clothes Shift Finite cycle with Depending on Various usage Remaining Dependent Independent
dryers sequential occupants; frequencies in constant
processing different on weekdays, different seasons
weekends, and in
different seasons
Shedding Lighting Shed and  Continuously Used every day No obvious seasonal Decreasing Independent Dependent
loads modulate differences
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In addition, energy consumption changes when a demand-
response event occurs, in comparison with a normal case when
no response event is occurring. The energy consumption of ther-
mostatically controlled loads increases, decreases, or remains con-
stant under a demand-response event, compared with the normal
case. It is determined by several variables, including ambient tem-
perature, building or device envelope features, response duration,
and the time-dependent efficiency of appliances [51,59,67,120].
The energy consumption of wet appliances remains constant when
the peak loads are shifted to an off-peak time, as the cycles just run
at a different time. However, shedding lighting loads decreases
energy consumption. In addition, the flexibility of the adjustable
loads and shifting loads listed in Table 7 varies over time, and
the flexibility in a past time slot will impact that of a later time slot.
Hence, the flexibility of these loads is time dependent. In contrast,
the flexibility of lighting is time independent, as the flexibility at a
later time slot does not depend on that of a past time slot. With
regard to the relationship between weather and the characteristics
of load flexibility, the flexibility of HVACs, electric water heaters,
refrigerators, and lighting at any particular moment depends on
the weather conditions at that moment. In contrast, the flexibility
of wet devices is rarely influenced by the outdoor environment.
Apart from the summarized characteristics of flexible loads, the
more specific operation characteristics of these flexible loads, such
as the power features at different operation stages, remain unclear.
Research on this topic based on the actual operation data of
appliances is needed. The response characteristics of such flexible
loads, such as the response speed, ramping duration, services dura-
tion, energy shifting, or shedding potential, also remain unclear.

6. Methods to quantify building demand flexibility

After clarifying the characteristics of residential building
demand-side flexible loads, it is important to quantify their flexi-
bility capacities, which is a significant challenge. Quantifying
building demand flexibility is an intricate process in which many
factors need to be considered. As two of the most critical elements,
models and evaluation indicators have gained much attention. In
this section, the models and assessment metrics proposed in
previous studies are reviewed and summarized.

6.1. Models for flexible loads in residential buildings

6.1.1. Modeling techniques

Many techniques have been used in the literature to establish
models of flexible loads in residential buildings. Regarding in
how much detail a model represents a household electric
appliance, the models in previous studies can be categorized into
three types: white-box, grey-box, and black-box. The details of
each type are as follows:

o White-box models. These models are usually physical models
that describe household appliances in detail, using several
mathematical equations based on first principles (e.g., Newton’s
laws, Navier-Stokes equations, and law of energy conservation)
[2,63]. White-box modeling techniques describe physical pro-
cesses in detail and allow the analysis of different scenarios with
various boundary conditions that are not easy to realize in a real
building [43,54]. Nevertheless, these models are time-
consuming to develop and calibrate [26,58]. In general, research-
ers use them with the help of commercial software such as
TRNSYS, EnergyPlus, and Modelica.

o Black-box models. In some applications, the underlying dynamic
process is too complex to model from first principles. Black-box
modeling starts from measurements of the system’s inputs and
outputs and determines a mathematical relation between them
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without knowing the detailed internal physical processes
[2,42]. However, massive high-quality data is needed to train a
black-box model, and the model usually lacks interpretability
[53,62]. It is also difficult to develop a universal model for all
cases and scenarios [89,90]. Black-box models can be established
through machine learning approaches such as artificial neural
networks and support vector machines.

Grey-box models. In many practical applications, researchers
seek a combination of white-box and black-box models, the
result of which is known as a grey-box model. These models
have some components that can be modeled from first princi-
ples, while other components must be fitted empirically using
measured data [78,79]. Grey-box models simplify physical pro-
cess and are easier to scale up. They also improve computational
efficiency, albeit at the expense of accuracy [102,109]. Common
grey-box models used to evaluate building demand flexibility
are resistance-capacitance (RC) models [121], which are also
called equivalent thermal parameter (ETP) models in some stud-
ies [7,64,122].

6.1.2. Summary of model applications in previous studies

Table 8 summarizes the models employed in previous studies for
different residential flexible loads. It can be seen that white-box
models were widely adopted to model thermostatically controlled
loads including HVACs, electric water heaters, and refrigerators. Var-
ious commercial software, including TRNSYS, EnergyPlus, and
Modelica, were popular for evaluating the flexibility of individual
HVACs and conducting parametric analyses. Simulations under dif-
ferent conditions such as various building envelopes, air conditioner
terminals, climate zones, and demand-side management strategies
can be easily realized with the help of commercial software. Hence,
simulation software is suitable for quantifying the flexibility of indi-
vidual HVACs. Moreover, white-box models have been employed in
many studies [73-76,78-80,83-85] to optimize the scheduling of
electric water heaters in order to provide flexibility and decrease
electric bills, although only the flexibility of electric water heaters
is considered in these papers. Grey-box models have mainly been
applied to model HVACs and wet appliances, with sparse application
to refrigerators. More specifically, RC models have usually been used
to optimize the control of individual HVACs [123,124] or to optimize
them together with other flexible loads [38,121,122,125,126].
These models have also been employed to evaluate the flexibility
of HVACs at aggregation levels. In grey-box models of wet appli-
ances, the actual wet appliance models are simplified into a set
of sequential uninterruptible energy phases, in which the power
is assumed to be constant in order to optimize the scheduling
of the appliances. Black-box models have been widely deployed
to model wet appliances, using statistical methods based
on empirical data from pilot tests [127,128] to evaluate flexibility
at aggregation levels. In addition, the load-shedding potential of
HVACs at aggregation levels can be assessed with black-box mod-
els using machine learning approaches.

The above analysis shows that white-box models are consi-
dered much more when individual flexible loads are investigated.
Grey-box models are mainly used to evaluate flexibility at aggrega-
tion levels and optimize scheduling with multiple flexible loads.
Black-box models are adopted to quantify the flexibility at aggre-
gation levels. Based on this analysis, Table 9 gives recommenda-
tions for model applications in diverse situations.

Although numerous studies have been conducted on modeling
residential flexible loads, some challenges still exist. White-box
models can describe the dynamic physical processes of flexible
loads in detail. Nevertheless, they generally ignore the effects of
household heterogeneity, occupant activities, and energy usage
habits, especially when commercial software is deployed. In com-
parison, black-box models do not need complex physical models of
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Table 8
Summary of the models employed in previous studies on building demand flexibility.
Model type  Flexible load Method/software References Purpose
White-box HVACs TRNSYS [26,58] Flexibility evaluation of individual HVACs;
EnergyPlus [55,59-61] sensitivity analysis
Modelica [35,46]
Others [43,57,62,63,68]
Electric water heaters  Physical model [73-76,78-80,83-85] Optimal scheduling of individual flexible loads
Refrigerators Physical model [91] Optimal scheduling of individual flexible loads
Grey-box HVACs RC model [38,121-126] Optimal scheduling of individual or multiple
flexible loads
RC model [7,64,129-133] Flexibility evaluation at aggregation levels
Refrigerators RC model [88,90] Flexibility potential evaluation
Wet appliances Simplified model [81,82,103-111] Optimal scheduling of multiple flexible loads
Black-box HVACs Machine learning [42,56,65] Flexibility evaluation at aggregation levels
Electric water heaters  Statistical method with measured data  [8] Flexibility evaluation at aggregation levels
Wet appliances Statistical method with measured data  [8,30,50,92,93,96-102] Flexibility evaluation at aggregation levels
Table 9

Recommendations for model applications under different conditions.

Model type Research objective
Flexibility potential evaluation Optimal scheduling/control
Individual flexible load Multiple flexible load Individual flexible load Multiple flexible load
White-box v v
Grey-box %4 %4 e
Black-box v

household appliances and can directly quantify building demand
flexibility based on behind-the-meter data with good accuracy
and credibility, considering the occupants’ energy usage behavior.
However, this approach requires large amounts of high-quality
data, the acquisition of which is generally expensive and time-
consuming, as it may take several years. In addition, black-box
models introduce concerns regarding the privacy of occupant
information. An economic, effective, and precise way to acquire
the actual load profile and usage patterns of household appliances
is needed, preferably involving non-intrusive load monitoring
[134] or a non-intrusive load-decomposition methodology [135].
Moreover, methods to model occupant behavior when interacting
with smart appliances—which has a high level of uncertainty—
are needed because of differences in building load types and dis-
crepancies in the appliance usage habits of households. The factors
of time, cost, and model accuracy must be comprehensively con-
sidered when a grey-box model is adopted. Models of residential
flexible loads that incorporate appliances’ operation characteris-
tics, energy usage patterns, and occupant behavior are needed.

6.2. Demand flexibility indicators

To quantify building demand flexibility, it is important to
choose appropriate indicators that can characterize flexibility and
demonstrate the benefits of flexibility from the viewpoint of
different stakeholders. This section summarizes and categorizes
flexibility evaluation metrics into direct and indirect quantification
indicators. The former directly illustrate the features of building
demand flexibility in various aspects, while indirect quantification
indicators are related to the performance of buildings in regard to
economic and environmental aspects.

6.2.1. Direct quantification indicators

Taking downward flexibility as an example, Fig. 8 presents a
conceptual illustration of the response processes of a flexible
load in a demand-response event. When a flexible load receives
the activation signal, it takes some time to respond and takes
actions to decrease power usage and operate for a period with
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minimum power. After the demand-response event ends, the
flexible load takes some time to restore the appliance’s state to
its original state. Various indicators have been used in previous
studies to describe the characteristics of a flexible load during
the different response processes of a demand-response event.
The majority of previous studies have focused on the aspects
of capacity, temporality, energy, and efficiency. More details
are provided below.

Six indicators have been employed in the literature to evaluate
the power properties of building demand flexibility. The power
during demand response, Pg., was adopted in Refs. [35,67,136].
Moreover, some studies [48,86] deployed the indicator AP, which
denotes the power differences during demand-response periods
and can be calculated using Eq. (1). The average power difference
during demand response, AP,,., was adopted in Ref. [26], and
can be formulated with Eq. (2). In Ref. [29], the intensity of the
power demand changes, Int,, which is defined as the average
power demand changes during a response event normalized by
the building floor area, was proposed, as presented in Eq. (3).
Similar to the metric Int,, another indicator of power demand
changes, Inty,, was developed in Ref. [101], which is normalized
by household and is expressed in Eq. (4). The normalization allows
a comparison of these metrics across buildings with different sizes
or types. In addition, the ramping-down rate, Ramggwn, Which is
defined as the ratio of the time it takes for a flexible load to deliver
its maximum flexibility to the maximum flexibility capacity,
APphax, Was employed in Refs. [29,61].
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Fig. 8. Conceptual illustration of the response processes of a flexible load during a demand-response event. P;. is the power of the reference scenario; Pg. is the power during
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where, P, is the power of the reference scenario, in which no
response events are occurring; to and t4 are the start and end times
of the response events, respectively; Apyilding i the area of the build-
ing floor; Nhousehola iS the number of households; and t; and t, are
the time the activation starts and the time at which the flexible load
reaches its maximum flexibility.

To investigate the temporality of building demand flexibility,
the response time of a flexible load when a demand-response event
takes places has been studied [19] and can be calculated using
Eq. (6). The indicator, the response time Ty, refers to how fast
the buildings respond to external signals, including electricity
prices (k(t)) and the fluctuation of distributed renewable energy
generation. The ramping time, T,,, is ramping time that denotes
the time it takes from the start of activation until the lowest/high-
est level is adopted [29] and can be calculated with Eq. (7).
Researchers also care about how long the flexibility provided by
buildings and the rebound effects caused by response events can
last. The duration of a demand-response event,T 4, fe, Can be calcu-
lated using Eq. (8) [34,40], and the duration of the rebound effects,
Taurpou, Fepresenting the time it takes to restore the nominal condi-
tions is calculated using Eq. (9) [34].

Rarndown =

(5)

Ta =1t —to (6)
T =ty —t (7)
Taurfie = t3 — t2 (8)
Taurpou =5 — g 9)

As for the energy aspect of building demand flexibility, stake-
holders have concentrated on energy-consumption reductions dur-
ing demand-response periods, Egfge, and on the extra energy
consumption in off-peak periods caused by rebound effects. The
former is calculated by Eq. (10) [60]. The peak demand reduction
intensity, Int., and the peak demand reduction ratio, y, have also
been employed to describe the building’s energy-consumption
changes, which can be calculated by Eqgs. (11) and (12), respec-
tively. Energy-consumption changes caused by rebound effects,
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Edif pou, are expressed in Eq. (13) [47]. Another indicator, differences
of energy consumption between demand response and rebound
effects, Eqiror, has also been used [29] and is shown in Eq. (14).
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To provide demand flexibility, building owners must adjust
their electricity-usage patterns, which results in changes to their
total energy consumption. Hence, indicators have been proposed
to describe these differences. Le Dreau et al. [60] developed the
indicator of shedding or shifting efficiency, #, which refers to the
capacity of available energy flexibility; it is defined as the ratio of
energy consumption between the “rebound effect” and the
“demand-response event,” which can be calculated by Eq. (15).
According to this equation, the shift efficiency is a value from 0
to oo in theory. Another indicator—the flexibility factor, Fpe—has
been adopted in many studies and is expressed by Eq. (16). Fge,
ranges from —1 to 1 and is equal to O in the reference case
[137,138].

N = / e(£) — Pre(0)/dt/ / IPre(t) — Pro(6)] dt (15)
to ty
CPae(t) — Pre(t)| dt — [3*|Pre(t) — Pre(t)|dt

Fﬂe = I (16)
[3|Pﬂe(t) — Pre(t) |dt+f |Pre(t) — Ppe(t)|dt
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6.2.2. Indirect quantification indicators

Apart from metrics that directly characterize building demand
flexibility, indirect quantification indicators are also employed to
evaluate the economic and environmental performance for a
demand-response event. Building owners mainly focus on the eco-
nomic benefits when providing flexibility, while governments and
society care more about CO, emissions reduction and utility grid
stability, especially in the context of pursuing carbon neutrality.
The impact of building demand flexibility on economic cost and
carbon reduction is integrated. Building demand flexibility can
reduce the operating cost and CO, emissions when peak shaving,
but the rebound effect will increase the cost and emissions. Hence,
economic and environmental benefits are usually considered over
the duration of a demand-response event and rebound effect, as
represented by Eqgs. (17)-(20).

Operation costs saving, Copor, and operation costs reduction
ratio, ¢, respectively calculated by Eqs. (17) and (18), are usually
chosen to assess the economic benefits of demand flexibility.
Moreover, similar to the concept of flexibility factor, the cost
flexibility factor, Fgecos, has been used in Refs. [42,77,121]. The
Frecos 1S expressed by Eq. (19), where x(t) is the electricity price.
As for the environmental performance evaluation, an indicator of
CO, emission reductions, Em, has been used and can be calculated
by Eq. (20) [139], where /. represents the equivalent emissions
coefficient of the energy imported from the utility grid.

Cop,tot = /[4{[Pﬂe Pre(f)] X K(t)}dt

(17)
+ / . {[Pre(t) — Pre(t)] x K(£)} dt
:fi;'{[Pﬂe(t)—Pm( )]xrc )hdt + [ {[Pﬂe — Pre(b)] x K(t)}dt
S Pre(t) x K(0)]dE + [ [Pre(t) x (1)) dt

(18)
po JA[Pre(t) Pre(®)] x K()}dE — [ie{[Pre(t) ~ Pre(t)] < (1)} dt
e [ {[Pae(t) — Pre(6)] x 1(€) }dE+ [ {[Pre(£) — Pre(£)] x k() }dle
(19)

Em :/t“ {[Pae(t) — Pre(t)] % A}dt+/t5 {[Pe(t) — Pre(t)] x A}dt
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6.2.3. Summary of demand flexibility evaluation indicators

Numerous static evaluation indicators for demand flexibility
have been proposed in previous studies, referring to power, tem-
porality, energy, efficiency, economic, and environmental aspects.
A summary of the demand flexibility indicators introduced in
Section 6.2 is presented in Table 10. It can be seen that different
metrics have been employed to quantify residential building
demand flexibility. The wide range of different indicators stems
from the fact that there are no commonly accepted definitions
in relation to building demand flexibility [20]. It is also caused
by the fact that building demand flexibility involves several
stakeholders with different perspectives and targets, which are
dependent on the specific services enabled. Several indicators
that are relevant to various stakeholders were developed to
quantify building demand flexibility by Zhang et al. [140].
Table 10 also shows that two metrics, AP, and Eg4irne have been
used more frequently than the other indicators. Six indicators—
namely, Ppe, Taurfie, U ¥, @, and Fgecos—have been employed in
several studies. The remaining indicators presented in Table 10
are rarely used. This fact also backs up the viewpoint presented
in Section 5.6: that there is a lack of studies on the response
characteristics of different flexible loads. Many of the metrics
included in this table to describe the response characteristics
of flexible loads have rarely been used. Except for the first two
indicators in Table 10, the other metrics are static, and cannot
represent the availability of flexibility because building demand
flexibility strongly depends on the initial boundary conditions
and time of the day. Moreover, these indicators were proposed
for quantifying the flexibility of HVACs and wet appliances at
the device level. Thus, they may be not applicable at the building
level, where various flexible loads on the building demand side
are aggregated together.

It is difficult to compare the flexibility potential evaluated
across different studies, even for the same flexible load, due to
the lack of uniform evaluation indicators. Formulating a compre-
hensive metric to quantify building demand flexibility may be
challenging, due to the diverse nature of such flexibility. Neverthe-
less, a systematic evaluation framework to quantify the flexibility
potential of diverse flexible loads at different spatial scales with
corresponding indicators is feasible. There is an urgent need for
this consensus and standardized evaluation framework. Further-
more, easy-to-use and scalable tools facilitating the assessment
of building demand flexibility and the provision of grid services

(20) need to be developed in the future.
Table 10
Summary of indicators employed to quantify building demand flexibility in previous studies.
Category Characteristic Indicators Unit References
Direct quantification indicators Power Pge kw [31,35,67,136]
AP kW [37,40,46,48,65,86,90,116,117,122]
APye kW [26,101,102]
Int, kW-m2 [29,55]
Inty, kW per household [35,42,101]
Ramyown kW-min~' [61]
Temporality Tre min [29]
Tra min [29]
Taur.fie h [26,31,34,61]
Tdur,bou h [26,61]
Energy Eqitfie kWh [26,30,34,38,43,58-61,68,98-100,105,138,141]
Int. kWh-m—2 [43,60]
m % [59,65,66,69,82,104]
Egitpou kWh [43,57,60]
Edif.tot kWh [29]
Efficiency n — [38,57,58,60,68,138]
Fre - [37,86,91]
Indirect quantification indicators Economy Cop.tot usD [47,97]
1) % [82,103,108,110]
Ffie cos - [38,68,138,139]
Environment Em t CO, [139]
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7. Conclusions

This paper reviewed recent studies on the demand flexibility of
residential buildings in regard to definitions, flexible loads, and
quantification methods. Several terms associated with the flexibil-
ity of buildings, including energy flexibility, demand flexibility,
load flexibility, and operation flexibility, were distinguished. Vari-
ous definitions related to building demand flexibility were com-
pared and analyzed, and a comprehensive definition was
proposed. Then, the flexibility capabilities and operation characteri-
stics of the main residential flexible loads were summarized and
discussed. In addition, the models and evaluation indicators used
to quantify residential building demand flexibility were classified
into different categories and summarized. Based on a comprehen-
sive literature review, research gaps, challenges, and potential
future developments were pointed out. The main outcomes of
the literature review are summarized as follows:

e There is no commonly accepted definition or uniform under-
standing of building demand flexibility. A more comprehensive
definition was proposed in this study. Building demand flexibil-
ity is defined as the ability to manage a building’s flexible
resources in order to change its load profile to meet different
requirements without sacrificing end-user interests.

o Various residential flexible loads have different flexibility capa-

bilities and operation characteristics to provide utility grid ser-
vices. Thermostatically controlled loads can be shed, shifted,
and modulated; lighting loads can not only be shed but also
be modulated; and wet appliances only provide load-shifting
services. These appliances have different running modes, usage
frequencies, and seasonal features. However, a detailed analysis
of the operation characteristics of these flexible loads, such as
the power features at different operation stages, should be con-
ducted based on the actual appliances’ operation data. More-
over, it is urgent to explore the response characteristics of
these flexible loads, such as response speed, ramping duration,
services duration, energy shifting, or shedding potential.
Recommendations for the applications of models to different
situations have been provided. White-box models are best sui-
ted to evaluate the building demand flexibility and optimize
scheduling when individual flexible loads are considered;
grey-box models are suitable for flexibility quantification at
aggregation levels and to optimize scheduling with multiple
flexible loads; and black-box models are more suitable for
assessing the flexibility potential at aggregated levels. There is
also a need to establish models of residential flexible loads that
incorporate the appliances’ operation characteristics, energy
usage patterns, and occupant behavior.
A great deal of static demand flexibility evaluation indicators for
power, temporality, energy, efficiency, economic, and environ-
mental aspects have been proposed in previous publications.
Nevertheless, a consensus and standardized evaluation frame-
work to quantify residential building demand flexibility is lack-
ing. Special efforts should be dedicated to the framework in
order to quantify residential demand flexibility, considering
the response characteristics of various flexible loads and the
benefits to different stakeholders. Moreover, easy-to-use and
scalable tools facilitating the assessment of building demand
flexibility and the provision of grid services must be developed
in the future.
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