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� Awareness of smart grids is the highest among respondents aged 20–29 years old.
� Willingness to use smart technologies and change energy behaviour are interdependent.
� Potential flexible building users were found to be 11% of the respondents.
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Building energy flexibility might play a crucial role in demand side management for integrating intermit-
tent renewables into smart grids. The potential of building energy flexibility depends not only on the
physical characteristics of a building but also on occupant behaviour in the building. Building users will
have to adopt smart technologies and to change their daily energy use behaviours or routines, if energy
flexibility is to be achieved. The willingness of users to make changes will determine how much demand
flexibility can be achieved in buildings and whether energy flexible buildings can be realized. This will
have a considerable impact on the transition to smart grids. This study is thus to assess the perception
of smart grids and energy flexible buildings by building users, and their readiness for them on a large
scale. We attempted to identify the key characteristics of the ideal user of flexible buildings. A question-
naire was designed and administered as an online survey in the Netherlands. The questionnaire consisted
of questions about the sociodemographic characteristics of the current users, house type, household com-
position, current energy use behaviour, willingness to use smart technologies, and willingness to change
energy use behaviour. The survey was completed by 835 respondents, of which 785 (94%) were consid-
ered to have provided a genuine response. Our analysis showed that the concept of smart grids is an unfa-
miliar one, as more than 60% of the respondents had never heard of smart grids. However, unfamiliarity
with smart grids increased with age, and half of the respondents aged 20–29 years old were aware of the
concept. Monetary incentives were identified as the biggest motivating factor for adoption of smart grid
technologies. It was also found that people would be most in favour of acquiring smart dishwashers (65%
of the respondents) and refrigerator/freezers (60%). Statistical analysis shows that people who are willing
to use smart technologies are also willing to change their behaviour, and can thus be categorised as
potentially flexible building users. Given certain assumptions, 11% of the respondents were found to
be potentially flexible building users. To encourage people to be prepared for energy flexible buildings,
awareness of smart grids will have to be increased, and the adoption of smart technologies may have
to be promoted by providing incentives such as financial rewards.

� 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction be in phase with energy generation, due to inevitable fluctuations
Smart grids can facilitate flexible electricity consumption,
which is crucial for a future where energy demand will have to
in the availability of renewable energy [1,2]. Buildings account for
one-third of total energy consumption in most developed coun-
tries, which amounts to considerable potential for activating flexi-
ble electricity consumption. Building energy flexibility is related
not only to physical building characteristics, but also to building
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users. Unlocking building energy flexibility requires building users
to adapt energy use behaviours to the needs of the smart grid [2,3].
Willingness to accept these changes determines how much poten-
tial flexibility buildings can provide, and thus has a considerable
impact on the development of smart grid technology [4].

To date, most of the studies on building energy flexibility have
focused on physical characteristics of buildings and have been
completed using measurements, modelling, and simulation [5–
13]. Existing research on users has primarily been conducted in
community or district scale pilot projects for demonstration smart
grid technologies [14–19].

User interaction and user perspective were part of one of the
earliest pilot project of demand side management, the Olympic
Peninsula Project [14,15]. With 112 households participated. At
the end of the project, most of the participants (95%) would have
liked to continue using the program due to the positive impact
the program had on their electricity usage. This is promising for
the development of smart grids, but the findings may not be repre-
sentative for other districts or regions.

Several other studies on the interaction between users and
smart products and services have shown significant impact of
users on energy consumption and load management. In general,
building automation system can have large impact on building
energy performance, as showed by Ippolito et al. [17]. The user
impact and user interaction with building control system was fur-
ther presented by Graditi et al. [18]. Their study showed that the
real time electric and thermal control systems can reduce energy
consumptions. In the study conducted by Ayodele et al. [20], pro-
viding feedback to building residents on the building peak load
reduction was shown to be effective in reducing the peak load of
buildings.

In these existing studies, user interaction with smart technolo-
gies was one of the key testing elements to identify motivating fac-
tors for users to adopt smart grid products. However, the relatively
small scale of such pilot projects restricts the validity of the results.
As the development of smart grid and smart grid technologies is a
global issue, a user study on a larger scale is thus essential. There-
fore, we developed a questionnaire and conducted a large-scale
survey in the Netherlands to gain insights into this issue on a
national scale.

In the questionnaire, a list of smart grid related products and
services are included because they are expected to influence the
daily decisions and routines of users, leading to more flexible elec-
tricity demand patterns. According to Geelen et al. [21] and Obinna
et al. [22], in a smart grid context, the products and services avail-
able to households can be categorized as: micro-generators (e.g.
photovoltaic systems), energy storage e.g. domestic hot water
tanks and batteries), smart appliances e.g. heat pumps, air condi-
tioners, dishwashers, washing machines, and clothes dryers), smart
meters, building energy management systems, and dynamic
energy pricing and contracts. The above technologies are included
in this study and these technologies are named smart technologies,
as used in [16].

Motivating factors are also part of the questionnaire. In most
pilot projects in Europe, to get users involved, three motivational
factors are commonly used, namely, environmental concerns,
reduction of or control over electricity bills, and better comfort
[23–25]. Toft et al. [26] reported that the acceptance of smart grid
technology depends on perception of the technology as helpful and
effortless to use. These factors were therefore also included in our
questionnaire.

Kobus et al. [6] stated that the most important factor in moti-
vating and activating users is to provide themwith a dynamic price
signal. Users then have a monetary incentive to move their elec-
tricity consumption to off-peak hours. Dynamic pricing is the key
to utilising demand flexibility, and this mechanism has been used
in various pilot projects, such as PowerMatcher [27] and Your
Energy Moment [16] in the Netherlands, the EcoGrid EU demon-
stration in Denmark [19] and the Olympic Peninsula Project in
the U.S. [28]. A study on the performance of all types of smart
white good appliances under dynamic pricing demand response
scheme was conducted in a Belgium pilot project, Linear [29] with
58 households participated. A significant shift of flexible electricity
consumption to lower price periods was observed. A high variation
was also found in the energy consumption and energy flexibility
among the project participants. We therefore included dynamic
pricing in the present survey to investigate users’ perception of it
on a large scale.

Unlike previous studies which have focused on community or
district, this study aims to give a broader perspective by surveying
a large representative sample of all households in the Netherlands.
We aimed to understand the influence of individual/household
characteristics, dwelling characteristics, household energy con-
sumption, and knowledge and acceptance of smart grid technolo-
gies on the willingness of occupants to use smart technologies
and change their energy use behaviour. We assessed how well
building users are prepared to contribute to the energy flexibility
of their buildings. We also investigated building user perceptions
of smart grids and their readiness to adopt smart technologies.

The paper is structured as follows: in Section 2 the methods for
designing the questionnaire, conducting the survey and analysing
data are presented. Section 3 includes two major parts. In Sec-
tion 3.1, the survey data is presented in figures and tables to give
the reader an overview of the results. Section 3.2 presents statisti-
cal analyses to identify the characteristics of potential flexible
building users. Section 4 concludes the work.

2. Methodology

2.1. Questionnaire design

The questionnaire consisted of questions about (1) user percep-
tions of smart grids, smart technologies, their willingness to use
smart technologies and change energy use behaviours, and (2)
sociodemographic characteristics and current energy use beha-
viours. These questions are listed in the Appendix.

First, a short description of smart grids was provided, as we
assumed that the concept of smart grids would be unfamiliar to
the majority of building users. This description was about the con-
cept and working principle of smart grids, and some of their possi-
ble influences on the daily lives of users. The text was as follows:

An introduction to smart grids and how they work
There is a mismatch between moments when the largest amount of
renewable energy is generated and moments when the maximum
energy is consumed. The renewable energy generation is high when
the sun shines brightly and the wind blows fast. The energy con-
sumption in our homes occurs after we wake up in the morning
and when we are at home in the evening. Our energy consumption
should be adjusted to match the renewable energy production to
make full use of the available renewable energy. This can be done
with smart grids.
In smart grids, your energy consumption can be adjusted according
to the renewable energy generation. When the energy generation
exceeds the energy demand, the energy price will fall. At this time,
you can use your home appliances (e.g., washing machine) and
charge batteries cheaply. In contrast, when energy generation is
insufficient, the energy price will increase and you will pay more
for using your appliances. This energy price will be communicated
by your energy suppliers if you have a smart meter installed, which
also gives you insights into your energy consumption. Based on
this, you can switch your appliances on or off. However, if you have



Table 1
Sample characteristics (N = 785).

Characteristics Survey sample Dutch population
data source [30]

Gender 50.4% male, 49.6% female 49.5% male, 50.5% female
Age (years old) 20–40: 32% 20–40: 32%

40–65: 47% 40–65: 45%
65+: 20% 65+: 23%

Education
level

Low (primary and secondary): 27% Low: 28%
Middle (senior secondary): 42% Middle: 41%
High (bachelor and higher): 31% High: 29%

0% 20% 40% 60% 80% 100%
Ra�o of total respondents (N = 785)

Never heard of it
Heard a li�le of it, but don’t understand the concept
Heard a lot of it, but don’t understand the concept
Know a li�le about the concept
Know a lot about the concept

Fig. 1. Familiarity with smart grids.
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appliances that can communicate with smart grids, these actions
can be done automatically. Such appliances are called smart
appliances.

Next, the survey participants were asked to answer questions
about their perception, willingness, and motivation to use smart
grid products and services. In these questions, a 5-point Likert
scale was used. Finally, the participants were asked for respondent
and household characteristics, dwelling characteristics, and cur-
rent energy usage, including energy bill information and heating
habits.

2.2. Survey and response

The questionnaire was translated into Dutch and completed by
ten Dutch locals with different educational backgrounds. The feed-
back from them was implemented so that the questionnaire would
be easily understood by all test participants. The final version of
the questionnaire was used for a large scale survey in July and
August 2016 through a professional online survey company. The
survey was restricted to subjects who were fully or partly respon-
sible for paying their household energy bills, so the population seg-
ment younger than 20 years old was excluded from this survey.
The questionnaire link was sent to contacts in the company’s data-
base selected by the following interlocked stratification, which was
intended to be representative of the Dutch population: gender
(female: 50% and male: 50%), age (20–29 years old: 19%, 30–
44 years old: 25%, 45–59 years old: 27%, and 60 years old and
above: 29%), and education level (low: 23%, middle: 48%, and high:
29%). The online survey was closed when 835 questionnaires had
been completed.

2.3. Data analysis

The time it took to answer the questionnaire was used as a filter
to select effective respondents. This filter is the same as that used
in a comparable survey by Toft et al. [26]. In our study, respondents
who completed the survey in less than 5 min were excluded from
the analysis as they were assumed to have answered arbitrarily. As
a result, 785 respondents were classed as reliable and used in the
data analysis. For these 785 effective respondents, the average time
spent answering the questionnaire was 16 min.

Descriptive analysis was performed to uncover user perceptions
of smart grids and their impact on the daily lives of users, which is
presented in Section 3.1. Statistical analysis was conducted using
the statistical analysis software SPSS to analyse user readiness
for energy flexible buildings, which is presented in Section 3.2.
Our aim was to understand the influence of individual/household
characteristics, dwelling characteristics, household energy con-
sumption, and knowledge and acceptance of smart grid technolo-
gies on the willingness of occupants to use smart technologies
and change their energy use behaviour. We therefore performed
several regression analyses on the dependent variables as mea-
sures of willingness to use smart technologies, postpone home
appliance start times, turn off the heating or air-conditioning for
a short time, and reduce the heating temperature setting. The will-
ingness to use smart technologies and the willingness to postpone
the start times of home appliances were analysed using linear
regressions. Their willingness to turn off heating or air-
conditioning for a short time and their willingness to reduce the
heating temperature settings were examined using ordinal regres-
sions. The regression analysis type was chosen according to the
type of the dependent variables, which will be discussed in Sec-
tion 3.2. In these analyses, we also used the dependent variable
for each estimation as an independent variable in other analyses.
In this way, information overlap between the analyses was avoided
and any relations between each measure of respondents’ accep-
tance of smart grids could be determined.
3. Results and discussion

The group characteristics of the survey respondents are shown
in Table 1. The sample was compared with data from the Central
Bureau of Statistics in the Netherlands [30] to verify that it is
representative of the general population. For the CBS data, the
percentage of each age segment was calculated using only the
population above 20 years old. The education level of the Dutch
population was compiled based on data from the total population
aged 15–64 in 2013, which was the latest available. It can
be seen that the survey sample was representative of the Dutch
population.

3.1. Descriptive analysis of user perception of smart technologies

3.1.1. Familiarity with smart grids and smart technologies
After providing an introduction to smart grids and their

possible influence on the daily lives of users (as explained in
Section 2.1), the respondents were asked about their awareness
of smart grids prior to the survey. Five options were presented,
from ‘‘never heard of it” to ‘‘know a lot about the concept.” As
shown in Fig. 1, more than 60% of the respondents were not
previously aware of the concept. The rest of the respondents
were aware of the concept, but only a small number of them
(less than 5%) stated that they understood the concept and its
consequences.

When we look at familiarity across age groups (as shown in
Fig. 2), we found that 48% of young people (20–29 years old) were
already aware of smart grids. The highest degree of awareness was
found within the age category 20–29, followed by 30–44, 45–59,
and lastly 60 and above. This may indicate that younger people
are more aware of smart grids than older people.

Awareness about each smart technology is shown in Fig. 3. The
options for answering this question ranged from ‘‘never heard of it”
to ‘‘I own one.” Although the awareness about each individual pro-
duct or service was different, on average, more than half of the
respondents knew about smart technologies, which was higher
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Fig. 4. Actions taken for energy savings and renewable energy usage in respondent
households.
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Fig. 2. Awareness of smart grids by age category.
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than their awareness about smart grids. The reason for the discrep-
ancy might be that products or services are closer to the daily lives
of respondents than power grids. Solar panels (PV), smart meters,
and electric vehicles were the top three products that respondents
knew about prior to the survey.

3.1.2. Household energy saving actions and smart technology
ownership

Actions that were reported as already being taken to reduce
household energy consumption or to use renewable energy are
shown in Fig. 4. It can be seen that some action was taken by about
half of the respondent households to save energy or reduce their
energy bill. It also shows that energy labelling of appliances is a
meaningful way to promote energy efficiency. It could therefore
be advantageous to use a similar labelling system for smart tech-
nologies to promote renewable energy use. Use of night tariffs to
reduce energy bills had been adopted by one-third of the respon-
dents, even though the night tariff was only 10% 0.02 €/kWh) lower
than the normal tariff. This result is in line with the statement
made by Kobus et al. [6] that by providing a dynamic price signal,
users have a monetary incentive to move their electricity
consumption to off-peak hours. Although renewable energy gener-
ation accounted for only 5.8% of the Dutch energy generation in
2015 [30], 14% of the respondents declared that their electricity
was generated partly) from renewable energy resources. This
0% 20%

PV/solar panels

Smart meter

Electric vehicle

Home energy management system

Dishwasher

Electric ba�ery

Home energy display

Washing machine

Refrigerator and freezer

Tumble dryer

Heat pump

Hot water tank

Micro cogenera�on

Fig. 3. Familiarity with
indicates that renewable energy is used as a positive aspect in
the marketing of electricity. This agrees with a Danish study which
also found that people are willing to pay for green energy [31]. All
in all, these actions together show a promising future for user
acceptance and adoption of smart grids, at least in affluent
countries.

Current smart technology ownership in respondent households
is shown in Fig. 5. Except for smart meters and solar panels, smart
grid related energy systems and services are owned by fewer than
2% of the respondents. This indicates that smart technologies and
smart grid services are still at an early stage in their adoption. Dur-
ing this early adoption stage, user engagement should be encour-
aged in order to support successful implementation of smart grid
technologies [22].

3.1.3. Willingness to use smart technologies
Although the ownership of smart technologies was low, respon-

dents stated that they were positive about using smart grid
40% 60% 80% 100%
Ra�o of total respondents (N = 785)

Never heard of it
Heard of it, but don’t understand the concept
Know a li�le about the concept
Know a lot about the concept
I own one

smart technologies.
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Fig. 5. Ownership of smart technologies.
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products and services in the future, as shown in Fig. 6. Among the
smart technologies, smart dishwashers and smart refrigerator/
freezers were the most popular, being favoured by 60% or more
of the respondents. However, a willingness to use an electric vehi-
cle with a smart charging and discharging system was the lowest
of all. This is a negative finding that was unexpected from the
smart grid development scheme published by the International
Energy Agency [32], in which electric vehicles were expected to
play an important role in the major economies, including the
Netherlands. The reasons that respondents were less willing to
use an electric vehicle with smart charging and discharging is out-
side the scope of this study, but it should be investigated further. It
seems possible that respondents were reporting their unwilling-
ness to own an electric vehicle, with or without smart charging
and discharging, rather than an unwillingness to use.
3.1.4. Willingness to change energy use behaviour
Dynamic pricing was included in the survey. The price informa-

tion was embodied in questions about willingness to change
energy use behaviours and to choose a control option.
0%

Smart dishwasher

Smart refrigerator and freezer

Smart tumble dryer

Smart washing machine

Smart meter

PV/solar panels

Home energy management system

Smart heat pump hea�ng/cooling system

Hot water storage tank with smart charging and
discharging

Ba�ery for electricity storage with smart charging
and discharging

Home energy display

Micro cogenera�on

Electric vehicle with smart charging and discharging

Fig. 6. Willingness to use
(1) Postpone the start times of smart appliances

The willingness to postpone the start times of smart appliance
is shown in Table 2. The majority of the respondents were willing
to postpone the start of a dishwasher, washing machine, or tumble
dryer. For these three appliances, the maximum delay was flexible
with a substantial amount of respondents choosing any time
between 20 min and 24 h. These results are comparable with real
time measurements from the LINEAR pilot [5], in which flexible
hours were distributed throughout 24 h, with an average time
around eight hours.

The willingness to postpone the use of irons, vacuum cleaners
and heating systems, and the charging of electric vehicles, was also
relatively high, with more than half of the respondents giving pos-
itive answers. Although the flexibility potential of irons and vac-
uum cleaners has not been a focus in most studies of demand
flexibility, they have good potential for providing energy flexibility
in Dutch residential buildings. In this study we found that irons
and vacuum cleaners are mostly used in the daytime, so they could
play an important role in shifting electricity demand during day-
time hours. More than half of the respondents were unwilling to
postpone the use of an oven, which is mostly used in the evening
when there is peak energy demand in residential buildings. This
indicates that the energy flexibility potential of ovens is relatively
low, as expected.

(2) Turning off heating and air-conditioning systems, and reducing
heating temperature settings

The willingness to change energy use behaviour, including turn-
ing off heating or air-conditioning for a short time and the willing-
ness to decrease heating temperature set points, is shown in
Table 3. The respondents were willing or slightly willing to turn
off their heating or air-conditioning for a short time when electric-
ity price peaks. On the other hand, respondents had a slightly
lower willingness to reduce the room temperature during high
electricity price periods. This might be because temperature is a
word that is more directly related to thermal sensations. Some
respondents commented, ‘‘My wife and I always prefer to have a
65%

60%

42%

38%

37%

35%

30%

28%

25%

24%

18%

16%

13%

10% 20% 30% 40% 50% 60% 70%
Ra�o of total respondents (N = 785)

smart technologies.



Table 2
Willingness to postpone smart appliance start time.

Appliance Unwilling Willing

0 h 20 min�1 h 1–4 h 4–8 h Any time within 24 h

Dishwasher 15% 18% 15% 10% 43%
Tumble dryer 23% 16% 16% 12% 35%
Washing machine 25% 17% 13% 7% 28%
Iron 41% 19% 9% 6% 25%
Vacuum cleaner 42% 20% 10% 6% 21%
Heating system 45% 26% 7% 5% 16%
Electric vehicle (charging battery) 46% 15% 10% 5% 24%
Oven 52% 23% 7% 3% 14%

Table 3
Behaviour change potential (1 = ‘‘strongly willing”, 2 = ‘‘willing”, 3 = ‘‘slightly willing”,
4 = ‘‘unwilling”, 5 = ‘‘I do not care”).

Behaviour change Mean r

Willingness to turn off the heating or air-conditioning
system for a short time when energy price peaks

2.59 1.04

Willingness to reduce the room temperature setting
for the heating system when energy is expensive

3.03 1.26

r: Standard deviation.
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warm living room during the long winter,” indicating that heating
systems are an important aspect of comfortable living. It could be
hard for some of the respondents to imagine that a slightly lower
temperature setting might not affect their comfort. A study in Den-
mark discovered that two degrees of temperature variation was
accepted by occupants [31]. Further research in the Netherlands
should focus on field tests to evaluate the effect of short duration
temperature changes on the thermal comfort of Dutch residents.
Real time indoor temperature displays should be provided for res-
idents in their home energy displays or by other means.

3.1.5. Preferred control options
Dynamic energy pricing is assumed to be the key factor that

stimulates active control over appliances. Possible control options
with their availability and potential economic benefit were
described as follows:

You can reduce your energy bill using the following three control
options. (1) You can check the hourly energy price on your home
energy display and manually control your appliances based on your
own decision (called manual control). However, this will only yield
21%

23%

24%

26

26

26

26

30

0%

Electric vehicle with smart charging and discharging

Smart refrigerator and freezer (ensuring no loss of
food quality)

Hot water storage tank with smart charging and
discharging

Smart heat pump hea�ng /cooling system (ensuring
comfort temperature)

Ba�ery for electricity storage with smart charging and
discharging

Smart washing machine

Smart tumble dryer

Smart dishwasher

Grid remot
Home auto
Try manua
Manual con
No control

Fig. 7. Preference of con
a small energy bill reduction. (2) Your home energy management
system can automatically turn your appliances on or off based on
your preferences and the hourly energy prices received from your
energy suppliers (called home automatic control). This involves
you being partly in control and still reduces your energy bill by a
medium amount. (3) You can set the final finishing time for your
appliances and let your electricity supplier remotely control the
start time of your appliances (called grid remote control). This con-
trol can generate relatively high savings on your energy bill.
In this study, grid remote control (also called direct load control)
by the utility and home automatic control via home energy man-
agement systems were considered as possible solutions. Fig. 7
shows respondent preferences for control options. For each appli-
ance, the preferred control was either grid remote control or home
automatic control. On average for all technologies, half of the
respondents stated that they preferred one of these two options.
This result is in line with a finding in a Danish study of heat pumps
that heat pump owners are willing to let their heat pump be con-
trolled when incentives are applied [33]. The willingness to accept
non-manual control of their technologies was much higher in com-
parison to previous studies carried out in Portugal [34] and Great
Britain [35]. In the Portuguese study [34], only the option of direct
load control from the utility was given. With three options (remote
control, automatic control, and switch from manual control to
remote or automatic control) provided in this study, the willingness
to accept non-manual control increased dramatically, with on
average only a minority (33%) of respondents preferring manual
control or no control. This result indicates that user preferences
for control options differ. Multiple control options should be con-
sidered and investigated in the development of smart technologies.
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Table 4
Motivating factors (1 = ‘‘strongly motivating,” 2 = ‘‘motivating,” 3 = ‘‘slightly motivat-
ing,” 4 = ‘‘not motivating,” and 5 = ‘‘I do not care”).

Measure Mean r

Reducing energy bill 1.91 1.11
Receiving a financial reward from your energy supplier 2.04 1.13
Seeing the effects of your energy use actions 2.24 1.12
Reducing CO2 emissions 2.36 1.12
Being acknowledged for your efforts 2.41 1.25
Being flexible at using energy 2.51 1.09
Giving your house more sustainable character

(e.g., installed pv on the roof)
2.52 1.19

Contributing to reliability of the electricity grid 2.57 1.11
Making your house high-tech 2.81 1.17
Comparing with other households 3.06 1.20
Sharing your results on social media 3.53 1.03

r: Standard deviation.
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The issues of privacy and control might be judged important by
users, since information about energy usage patterns and energy
consumption for their buildings would be collected via smart
meters and sent to the electricity company. In a previous study,
privacy issues were cited as one of the primary barriers to choosing
remote or automatic control and accepting smart grid technologies
[36]. However, this factor does not seem to have much impact for
Dutch residents. In fact, privacy was only stated by 28% of the
respondents to be an important factor in considering a smart
appliance.

3.1.6. Motivating factors for adopting smart technologies
Previous research has discussed several factors that motivate

users to adopt smart technologies in smart grids or smart homes
[26,34,36–39]. Based on these studies, we developed eleven factors
for our questionnaire and used a Likert scale with 1 = ‘‘strongly
motivating,” 4 = ‘‘not motivating,” and 5 = ‘‘I do not care” as
choices. The results are shown in Table 4. Across all of the factors,
the mean value was 2.54, or motivating to slightly motivating. The
two most motivating factors were reduced energy bills and finan-
cial rewards from the energy supplier. For these two factors, only 9
and 11%, respectively, of respondents stated ‘‘not motivating” or ‘‘I
do not care.” One clearly not motivating factor was sharing the
results on social media, with 51% of respondents choosing ‘‘not
motivating” and 12% choosing ‘‘I do not care.” Besides the financial
benefits, other motivating factors included seeing the effects of
their energy use actions, reducing CO2 emissions, and being
acknowledged. This indicates that people expect to see the effects
of their efforts and to be recognized for their contribution. These
factors should be considered during product design, for instance
by incorporating them into a home energy display, and into smart
grid business model development.

3.2. Identification of potential flexible building users based on
statistical analysis

In this section, the identification of potential flexible building
users is presented based on the data shown in Section 3.1.
Respondent willingness to use smart technologies and change
their energy use behaviours were used as dependent variables
in statistical analysis. The independent variables consisted of
individual and household characteristics, dwelling characteristics,
household energy usage, familiarity with smart grid technologies,
and respondent energy attitudes. The correlation of these inde-
pendent variables were checked prior to regression analyses
and the results show that none of the variables are correlated
with each other. I.e., the variables found to be significant in the
regression analysis were independent of each other. Table 5
shows the results of these analyses. In the table, the values indi-
cate the coefficients, and each significant coefficient is marked
with an asterisk (⁄).
3.2.1. Willingness to use smart technologies
In the questionnaire, respondents were asked whether they

would be willing to use each smart technology or not, and the
results can be seen in Fig. 6. For the statistical analysis, we summed
the number of smart products that each respondent would be will-
ing to use. This summation gave us an overall score for each
respondent. This overall score indicates the willingness of a
respondent to use smart technologies in general. The higher the
number of smart technologies that a respondent is willing to use,
the more willing the respondent is to use smart technologies in
general. Since this overall score is a continuous value, we used a
linear regression. The results can be seen in Table 5 (column: Use
ST). The adjusted R-square was found to be 0.164. Young
respondents, aged between 20 and 29 years old, were found to
be significantly more willing to use smart technologies, which is
also in line with the findings of their familiarity with smart grids.
If the respondents were living in a dwelling that was less than
50 m2 in floor area, then they were less willing to use smart tech-
nologies. This might be due to low energy consumption or low
income. In addition, if respondents did not know the impact of
their energy bill on their household budget, they were more willing
to use smart technologies. Compared to those with low energy
bills, respondents paying energy bills between 100 and 150 Euro
per month were found to be more willing to use smart
technologies.

When we look at their attitudes, respondents who were more
willing to temporarily reduce the set-point temperature of heating,
postpone the start time of appliances, and use one of the
control options were significantly more willing to use smart
technologies.
3.2.2. Willingness to postpone the start time of appliances
In the questionnaire, respondents were asked for how long they

would be willing to postpone the start time of each appliance,
given that they would obtain some financial benefits. We assigned
a score of one if they were willing to postpone an appliance at all,
regardless of for how long, and cumulated their scores for all appli-
ances. The total score was used in the statistical analysis. This score
indicates the number of appliances that each respondent would be
willing to postpone using. Since this score is a continuous variable,
we used a linear regression to estimate the model. The adjusted R-
square was found to be 0.309.

The results indicate that middle income respondents were will-
ing to postpone more appliances, compared to low income respon-
dents. Moreover, respondents with energy bills between 100 and
200 Euro per month were willing to postpone more appliances
compared to respondents paying less than 100 Euro per month.
Using a heating system with a constant temperature setting was
found to have a strong positive influence on the number of appli-
ances that a respondent was willing to postpone using. In addition,
using the heating only when someone is present was also found to
have a positive effect on the number of appliances that respon-
dents were willing to postpone using.

It was found that increasing familiarity with the smart grid
increased the number of appliances that a respondent was willing
to postpone using. When we looked at their attitudes, we saw that
respondents that were willing to turn off heating or cooling for a
short time were willing to postpone using a larger number of appli-
ances. Lastly, people who were more willing to use one of the con-
trol options were more willing to postpone the start time of their
appliances.



Table 5
Aggregation analysis of user willingness.

Use ST1 Postpone2 Turn-off3 Reduce temp4

Constant 0.312 �1.598 2.538*** 2.682***

Individual and household characteristics Age (years) 20–29 0.804* �0.213 �0.069 �0.308
30–44 0.475 0.037 �0.147 �0.209
45–59 0.12 0.092 �0.189 �0.146
60 + �1.4 0.084 0.405 0.663

Gender Male �0.1 �0.232 �0.024 �0.225*

Female 0.1 0.232 0.024 0.225
Education Low 0.15 0.471 �0.006 �0.218

Middle �0.105 �0.249 �0.136 0.124
High �0.045 �0.221 0.142 0.094

Household size �0.07 �0.126 0.05 �0.099*

Occupation Part-time 0.074 0.254 �0.032 0.078
Full time 0.008 0.029 �0.029 0.199
Retired 0.305 �0.009 �0.292 0.29
Other5 �0.387 �0.274 0.353 �0.567

Monthly deposable
income (euro)

<1500 �0.353 �0.499 0.623 0.347
1500–2500 �0.33 0.361 �0.256 �0.101
2500–3500 �0.316 0.626* �0.213 �0.037
3500–4500 0.041 �0.258 �0.304 0.066
>4500 0.959 �0.23 0.15 �0.275

Dwelling characteristics Dwelling type Detached �1.081 �0.3 0.428 0.972**

Row house �0.928 0.141 0.274 0.708
Apartment �0.504 0.076 0.348 0.564
Other6 2.513 0.083 �1.05 2.244

Dwelling size (m2) <50 �1.175* 0.698 �0.437 0.588
50–100 �0.411 0.203 0.098 0.195
100–150 �0.246 �0.07 0.13 0.085
150–200 �0.118 �0.427 0.184 �0.28
>200 1.951 �0.404 0.025 �0.588

Household energy usage Impact of energy bill on family budget Low �0.06 0.186 0.122 0.249
Medium �0.104 �0.224 0.005 �0.016
High �1.268 �0.644 0.425 0.05
No �0.036 �0.215 �0.328 �0.234
Unknown 1.468** 0.897 �0.224 �0.049

Energy bill (euro per month) <100 �0.428 �2.109 �0.259 �0.115
100–150 0.652** 0.441* 0.081 �0.168
150–200 �0.315 0.985*** 0.121 0.253
>200 0.017 0.572 �0.123 0.021
Unknown 0.076 0.111 0.18 0.009

Heating use Constant7 0.437 1.355*** �0.215 �0.25
Different8 0.578 0.579 �0.347 �0.288
Someone constant9 0.367 0.806* �0.203 �0.314
Someone different10 0.491 0.956** �0.256 �0.237
Not in use11 �1.874 �3.696 1.021 1.089

Number of smart technologies in home 0.118 0.015 �0.019 �0.03

Familiarity with smart grid technologies Familiarity with SG12 Yes 0.351 0.562** 0.041 0.08
No �0.351 �0.562 �0.041 �0.08

Familiarity with ST13 Yes 0.085 0.119 0.248** 0.122
No �0.085 �0.119 �0.248 �0.122

Energy attitude Importance of using renewable energy �0.022 �0.153 0.062 �0.123
Willingness to postpone start time of appliances (number of
appliances)

0.144*** N/A 0.168 0.027

Willingness to reduce heating temperature setting 0.287*** 0.111 0.549*** N/A
Willingness to turn off heating or air-conditioning system 0.117 0.706*** N/A 0.754***

Willingness to use one of the control options 0.289*** 0.442*** 0.068** 0.015
Willingness to use smart technologies N/A 0.135*** 0.031*** 0.075***

R2 0.164 0.309 0.112 0.088
Adjusted R-square Adjusted R-square McFadden McFadden

Note:
*** Significant at 1% level.
** Significant at 5% level.
* Significant at 10% level.
1 ‘‘Use ST” stands for the willingness to use smart technologies.
2 ‘‘Postpone” stands for the willingness to postpone the start time of appliances.
3 ‘‘Turn-off” stands for the willingness to turn off heating or air-conditioning for a short time.
4 ‘‘Reduce temp” stands for willingness to reduce the heating temperature setting.
5 ‘‘Other” includes students and unemployed.
6 ‘‘Other” includes a shared house or apartment and student dormitory.
7 ‘‘Constant” means that the heating system is always turned on at a constant temperature set-point.
8 Different” means that the heating system is always turned on, but has different temperature set-points for different times of the day.
9 ‘‘Someone constant” means that the heating system is turned on only when someone is at home at a constant temperature set-point.

10 ‘‘Someone different” means that the heating system is turned on only when someone is at home, and has different temperature set-points for different times of the day.
11 ‘‘Not in use” means that the heating system is not often used.
12 SG = smart grids.
13 ST = smart technologies.
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Fig. 8. Interdependencies found among four measures of willingness to adopt
smart technologies.
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3.2.3. Willingness to turn off heating or air-conditioning for a short
time

The respondents were asked how willing they would be to turn
off their heating or air-conditioning system for a short time when
the energy price peaked. They were given a 5 level Likert scale,
from ‘‘strongly willing” to ‘‘I do not care” as described in Sec-
tion 3.1.4. Since the dependent variable was ordinal, we conducted
an ordinal regression analysis. The McFadden R-square was found
to be 0.112. In social sciences, R-square around 0.20 is considered
to indicate a good fit. Falk and Miller [40] recommended that R-
square values should be equal to or greater than 0.10 in order to
explain the variance adequately. Therefore, the results of this anal-
ysis are valid for obtaining insights into the willingness of
respondents.

According to the results, no sociodemographic influences, dwell-
ing characteristics, or energy bill related variables were found to be
significant. Only familiarity and attitudinal effects were observed. If
respondents were familiar with smart technologies, then they were
more willing to turn off their heating or air-conditioning for a short
time when energy price peaked. This finding is in line with some
studies of knowledge and attitudes regarding energy savings in
other countries, such as [41], and [42], in which correlation
between knowledge and attitudes were identified.

Moreover, as the number of technologies that they were willing
to use increased, their willingness to turn off their heating or air-
conditioning also increased. In addition, with an increase in will-
ingness to reduce the heating temperature setting, the willingness
to turn off heating or air-conditioning systems also increased.
Finally, as the willingness to control smart technologies increased,
willingness to turn off the heating or air-conditioning system also
increased.

3.2.4. Willingness to reduce heating temperature settings
Respondents were asked how willing they would be to reduce

the room temperature setting for their heating systemwhen energy
price peaked. This was measured by a 5-level Likert scale, with
‘‘strongly willing,” ‘‘willing,” ‘‘slightly willing,” ‘‘unwilling,” and ‘‘I
don’t care.” Since the dependent variable was ordinal, we applied
an ordinal logit regression analysis. The McFadden R-square was
found to be 0.088. Although this value is low, these results can be
used for understanding the behaviour of respondents.

According to the results, male respondents were found to be
less willing to reduce the temperature setting of the heating sys-
tem compared to female respondents. Moreover, households with
more members were less willing to reduce the heating tempera-
ture setting. Respondents living in detached houses were more
willing to reduce the heating temperature setting compared to
respondents living in other types of dwellings.

In the attitudinal effects, it can be seen that with an increase in
the willingness to use smart technologies, the willingness to
reduce the heating temperature setting when energy price peaks
also increased. Finally, we found that, with an increase in the will-
ingness of respondents to turn off heating or air-conditioning, their
willingness to reduce the temperature setting of the heating sys-
tem when energy was expensive also increased.

3.2.5. Potential flexible building users
The statistical analysis shows that some individual, household,

and dwelling characteristics, such as age, gender, house type,
house size, household size, and income, influence willingness to
adopt some smart grid technologies. However, these variables
were not found to have a significant impact on overall willingness.
These results therefore do not allow us to make generalized con-
clusions regarding the identification of population groups in terms
of their readiness for energy flexible buildings. The reason could be
that smart grids and their related technologies are in general unfa-
miliar to the population. This is different from other studies of user
perception of energy conservation in dwellings, such as Hara et al.
[43]. Their study based on a large-scale survey in Japan found that
family size, age, household income and number of air conditioners
are determinant factors of the respondents’ perception of house-
hold energy conservation. We believe this can be explained by
building energy conservation being a familiar topic to residents
while smart grids and energy flexible buildings are not.

Furthermore, we find that household energy attributes, such as
the average energy bill, the impact of the energy bill on the family
budget, and their habitual usage of heating systems all influenced
their willingness to adopt smart grid technologies. These influ-
ences were more marked for willingness to postpone the start of
home appliances and to use smart technologies. In addition,
increasing familiarity with smart grid technology also increased
willingness to change energy use behaviour, as expected.

When we look at the attitudinal variables, we can see that there
was an interdependency between the variables that define willing-
ness to adopt smart grid technology (as illustrated in Fig. 8): (1)
people who are willing to postpone the start of home appliances
are also willing to use smart technologies and vice versa; (2) peo-
ple who are willing to use smart technologies are also willing to
turn off heating or air-conditioning for a short time and to reduce
the heating temperature setting; (3) people who are willing to turn
off heating or air-conditioning for a short time are also willing to
reduce the heating temperature setting and vice versa.

According to these results, we define potential flexible building
users as those who are willing to use smart technologies and
change their energy use behaviours, including postponing the start
of appliances, turning off heating or cooling for a short time, and
reducing the heating temperature setting. To estimate the number
of potential flexible building users, we assume that flexible build-
ing users are:

� willing to postpone the start time of half or more of their
appliances,

� willing to use half or more of the smart technologies listed in
the questionnaire,

� willing to turn off their heating or air-conditioning, and
� willing to reduce the heating temperature setting.

Based on this assumption, we found that 11% of the respondents
were potential flexible building users. Although this value is some-
what arbitrary and dependent on the above criteria, it gives a
rough understanding of the readiness of inhabitants for energy
flexible buildings.
4. Conclusions

This paper presented the investigation of the readiness of build-
ing users on energy flexible buildings, an area that has not been
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greatly explored in existing literature. A large-scale survey with
usable results from 785 respondents was conducted in the Nether-
lands to investigate residential building occupants’ perceptions of
smart grid technologies and their readiness to use energy flexible
buildings. The survey respondents were representative of the
Dutch population based on comparison with data from the Central
Bureau of Statistics in the Netherlands. According to a descriptive
analysis, more than 60% of the respondents were unaware of smart
grids. However, young respondents were more aware of smart
grids than older respondents. The two smart technologies that
respondents were most willing to use were smart dishwashers
(65%) and smart refrigerator/freezers (60%). A majority of the
respondents were willing to change their energy use behaviour,
including turning off their heating or air-conditioning for a short
time, reducing the room temperature setting for the heating sys-
tem, or postponing the start time of home appliances. For the con-
trol of smart technologies, a majority accepted one of the four
control options: grid remote control, home automatic control,
manual control, and try manual control first later switch to grid
remote control or home automatic control. The level of acceptance
was much higher than has been found in other studies. This result
indicates that multiple control options should be included in the
development of smart technologies to achieve high user accep-
tance and therefore realize the energy flexibility of home appli-
ances. The top three motivating factors for users adopting smart
technologies were found to be: reduced energy bills (strongly
motivating), financial rewards from the energy supplier (motivat-
ing), and seeing the effects of energy use actions (motivating).

The regression analysis indicated that young people (20–
29 years old) were more willing to use smart technologies. We also
found that household energy consumption, in terms of the average
monthly energy bill (100–200 Euro) and heating system usage
(keeping heating constantly on) influences the willingness of users
to adopt smart grid technology. This might be due to the monetary
considerations of people regarding their electricity and heating
expenditures. Moreover, increasing familiarity with smart grid
technology had a positive influence on the willingness to change
energy use behaviours. These analyses also reveal interdependency
Table A1
Questions in the survey.

Aspects Questions

Individual and household
characteristics

Age, gender, education level (primary school or lowe
occupation (student, part-time work, full-time work

Dwelling characteristics Dwelling type (detached/semi-detached house, row
dwelling size (less than 50 m2, 50–100 m2, 100–150

Household energy usage What impact does the energy bill have on your hous
impact, I don’t know)
How much is your household average energy bill (ele
or more, I don’t know)
How does your household use the heating system? (
different temperature set-points for different times of
point, turned on only when someone is at home and h

Familiarity with smart grid
technologies

How familiar were you with the concept of smart gr
understand the concept, heard a lot of it but don’t u
concept)
How familiar are you with the following smart home
dryer, smart dishwasher, smart refrigerator/freezer, sma
discharging, battery for electricity storage with smart ch
panels, micro co-generation (micro combined heat and p
heard of it, heard of it but do not understand the con

Energy attitude How important is it to save energy and use renewab
unimportant, very unimportant)
Which of the following appliances/systems would yo
tumble dryer, smart dishwasher, smart refrigerator/free
charging and discharging, battery for electricity storage
discharging, pv/solar panels, micro co-generation (micr
energy display)
between variables that determine willingness to adopt smart tech-
nologies and changing energy use behaviours. Accordingly, we
defined potential flexible building users as those who are willing
to use smart technologies and change their energy use behaviours,
including turning off heating or air-conditioning for a short time,
reducing the heating temperature setting, and postponing the start
times for their home appliances. With certain assumptions, 11% of
the respondents were found to be potential flexible building users.

These results obtained from the study provide important
insights for energy policy and energy companies to make policies
and strategies towards the development of future power grid and
encouraging building users to be more flexible. For example, in
order to encourage people to adopt smart grid technology, aware-
ness of smart grids must be increased. Awareness should not be
limited to young people, but should be disseminated to the entire
population. The adoption of smart grids can also be increased
through financial incentives by focusing on residents with mid-
level energy bills. It appears that people who are willing to use
smart technologies are also willing to change their energy use
behaviour, and can thus be defined as flexible. In order to unlock
building energy flexibility, the adoption of smart technologies
should be encouraged by providing incentives such as financial
rewards.
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Appendix A

See Table A1.
r, high school, technical high school, university, postgraduate), household size,
, self-employed, un-employed, retired), household monthly deposable income
house, apartment building, student dormitory, shared house or apartment),
m2, 150–200 m2, more than 200 m2)
ehold budget? (very high impact, high impact, medium impact, low impact, no

ctricity and gas) per month? (€50 or less, €50–€100, €100–€150, €150–€200, €200

always turned on at a constant temperature set-point, always turned on but has
the day, turned on only when someone is at home at a constant temperature set-
as different temperature set-points for different times of the day, not often used)
ids before this questionnaire? (never heard of it, heard a little of it but don’t
nderstand the concept, know a little about the concept, know a lot about the

appliances and energy control systems? – smart washing machine, smart tumble
rt heat pump heating/cooling system, hot water storage tank with smart charging and
arging and discharging, electric vehicle with smart charging and discharging, pv/solar
ower), smart meter, home energy management system, home energy display – (never
cept, know a little about the concept, know a lot about the concept, I own one)
le energy in your house? (very important, important, slightly important,

u like to use? (please select all those that apply – smart washing machine, smart
zer, smart heat pump heating/cooling system, hot water storage tank with smart
with smart charging and discharging, electric vehicle with smart charging and

o combined heat and power), smart meter, home energy management system, home



Table A1 (continued)

Aspects Questions

How long are you willing to postpone the start of the following appliances in order to use cheap energy? – washing machine, tumble
dryer, dishwasher, refrigerator/freezer, clothes iron, vacuum cleaner, oven, air-conditioning, heating system, charging electric vehicle battery –
(0 hour, 20 min, 40 min, 1 hour, 2 hours, 4 hours, 6 hours, 8 hours, any time within 24 hours)
For the following appliances, which control do you prefer to use? – smart washing machine, smart tumble dryer, smart dishwasher, smart
refrigerator/freezer (ensuring no loss of food quality), smart heat pump heating/cooling system (ensuring comfort temperature), hot water
storage tank with smart charging and discharging, battery for electricity storage with smart charging and discharging, electric vehicle with
smart charging and discharging – (grid remote control with big savings, home automatic control with medium savings, manual control
with small savings, no control and no savings, try the manual control first and later on switch to automatic control or remote control)
How willing are you to turn off your heating or air-conditioning system for a short time when the energy price is at a peak? How
willing are you to lower the room temperature setting for your heating system when energy is expensive? (strongly willing, willing,
slightly willing, unwilling, I do not care)

Motivating factors Are the following measures motivating you to accept smart grids and use smart appliances? – being flexible at using energy, contributing
to reliability of the electricity grid, seeing the effects of your energy use actions, reducing CO2 emission, reducing energy bill, being
acknowledged for your efforts, receiving a financial reward from your energy supplier, giving your house more sustainable character (e.g.,
installed pv on the roof), making your house high-tech, comparing with other households, sharing your results on social media – (strongly
motivating, motivating, slightly motivating, not motivating, I don’t care)
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