Aalborg Universitet
AALBORG UNIVERSITY

DENMARK

Smart home technology adoption in Denmark
Diffusion, social differences, and energy consumption
Hansen, Anders Rhiger; Trotta, Gianluca; Gram-Hanssen, Kirsten

Published in:
Energy Efficiency

DOl (link to publication from Publisher):
10.1007/s12053-024-10202-3

Creative Commons License
CCBY 4.0

Publication date:
2024

Document Version
Publisher's PDF, also known as Version of record

Link to publication from Aalborg University

Citation for published version (APA):

Hansen, A. R., Trotta, G., & Gram-Hanssen, K. (2024). Smart home technology adoption in Denmark: Diffusion,
social differences, and energy consumption. Energy Efficiency, 17, Article 16. https://doi.org/10.1007/s12053-
024-10202-3

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: April 27, 2024


https://doi.org/10.1007/s12053-024-10202-3
https://vbn.aau.dk/en/publications/7002055c-1f5a-4cc8-a2bf-ae4b59882f1a
https://doi.org/10.1007/s12053-024-10202-3
https://doi.org/10.1007/s12053-024-10202-3

Energy Efficiency (2024) 17:16
https://doi.org/10.1007/s12053-024-10202-3

ORIGINAL ARTICLE

®

Check for
updates

Smart home technology adoption in Denmark: Diffusion,
social differences, and energy consumption

Anders Rhiger Hansen® - Gianluca Trotta -

Kirsten Gram-Hanssen

Received: 5 October 2023 / Accepted: 19 February 2024 / Published online: 28 February 2024

© The Author(s) 2024

Abstract Smart home technology (SHT) is increas-
ingly entering homes to provide services such as
energy management, security, comfort, and conveni-
ence. However, research shows that adoption varies
across social groups and that SHT might affect energy
demand. Denmark is considered a frontrunner in the
uptake of SHT and offers a unique opportunity to
combine administrative household information with
energy consumption data and survey responses on
SHT uptake. This paper studies a representative sam-
ple of 1,468 Danish households to investigate SHT
diffusion, social differences in SHT adoption, and
correlations between SHT and energy consumption,
divided into appliance use and heating. The results
indicate that entertainment and home security are the
most popular SHT services in Denmark and that SHT

Highlights

e Entertainment and home security appear to be the most
in-demand SHT services.

o Younger households and households in detached houses
seem more likely to adopt SHT.

e Technically educated people seem more likely to have
SHT for heating management.

e SHT services of security and electricity management,
e.g., smart lighting, link to higher electricity and heating
demand.

o Smart heating management does not seem to reduce
heating consumption.
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Department of the Built Environment, Aalborg University,
A.C. Meyers Venge 15, 2450 Copenhagen, SV, Denmark
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is more widespread among younger households, espe-
cially for entertainment and robotic help. In contrast,
smart heating systems are more widespread among
older households. Living in a detached house seems
to increase the likelihood of having SHT, while the
highest income group appears more likely to have
security systems, and technical education seems asso-
ciated with the adoption of SHT for heating manage-
ment. Finally, smart security systems were associated
with higher electricity consumption, and SHT for
electricity management was associated with higher
heating consumption and to a lesser extent higher
electricity consumption, but there was no significant
correlation between having smart heating control and
heating consumption.

Keywords Smart home technology - Smart
heating - Energy demand - Electricity consumption -
Energy services - Technology adoption

Introduction

In recent years, smart home technologies (SHT)
have been increasingly entering the domestic sphere.
Although previously designed for luxury homes
(Darby, 2018; Gram-Hanssen & Darby, 2018), a
range of SHTs are now designed for ordinary every-
day activities such as cleaning and cooking (Aagaard,
2022). Defined as internet-connected technolo-
gies to provide services within the domestic sphere,
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and to the energy system (Gram-Hanssen & Darby,
2018), SHT covers many everyday practices, devices,
and services, yet it seems difficult to live up to the
underlying expectations related to energy efficiency,
comfort, convenience, and controllability, etc. (Har-
greaves et al., 2018; Strengers & Nicholls, 2017).
The optimistic potential of SHT seems to originate
in its initial purpose of being designed for luxurious
and convenient living (Darby, 2018) with industry
visions of passive users (Aagaard, 2021), and when
implemented in mundane, dynamic, and complex eve-
ryday practices, these promises risk becoming dis-
ruptive and inconvenient elements of everyday life
(Hargreaves et al., 2017a), for example by necessitat-
ing ‘workarounds’ to accommodate the technology in
routine everyday practices (Larsen & Gram-Hanssen,
2020).

Diffusion of SHT is thought to be key to achieving
energy efficiency, and energy reductions, and gener-
ally contributing to decarbonization and future energy
transitions (Li et al., 2021; Sovacool & Furszyfer
Del Rio, 2020). Moreover, SHT plays a key role in
visions of smart grids and smart cities (Lund et al.,
2017), and the research interest in smart home adop-
tion appears to be increasing (Li et al., 2021).

Although the SHT diffusion rate has been
described as low (Marikyan et al., 2019) and SHT
might not be perceived as mainstream (Chang &
Nam, 2021), the SHT market appears to be expand-
ing (Sovacool & Furszyfer Del Rio, 2020). Accord-
ing to Eurostat data from 2022 (ISOC_IIOT_USE),
around 10% of European households have SHT' in
the form of home appliances such as robotic vacuum
cleaners, home security systems, and energy manage-
ment systems. This percentage is higher for Danish
households than the European average, with 20% hav-
ing smart home appliances, 17% with home security
systems, and 15% with energy management systems.
According to the Eurostat survey, 55% of households
across EU countries have smart TVs, the most wide-
spread SHT, while this figure is 66% in Denmark.
Denmark can therefore be considered among the
frontrunner nations when it comes to the uptake of
SHT, alongside Norway and the Netherlands. How-
ever, this seems to be a rather recent trend. Based

' In the Eurostat survey, SHT is referred to as Internet of
Things (IoT).
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on survey data conducted by Statistics Denmark, the
adoption of smart TVs increased from 40% in 2015
to 70% in 2021, robotic vacuum cleaners increased
from 9% in 2015 to 12% in 2021, and intelligent con-
trol of heating or electricity increased from 16% in
2020 to 22% in 2021 (Hohnen & Hansen, 2022). This
indicates that the popularity of smart technologies
has increased recently, although, from an energy con-
sumption perspective, the adoption of smart heating
control appears as the most interesting increase, often
as part of home energy management systems (HEMS)
(Mahapatra & Nayyar, 2022).

Whether SHT is expected to improve efficient
and flexible energy use, underpinning convenient
and comfortable everyday living, or improve health,
safety, and entertainment in future homes, the dif-
fusion across various types of households and the
impact on household energy consumption are impor-
tant topics to investigate.

This paper investigates the research questions:
which households tend to acquire SHT and what
impact do these technologies have on their energy
consumption? This is investigated using data from a
representative survey of 1,468 Danish households in
combination with administrative data.

This paper thereby addresses three aspects of
SHT adoption: the diffusion of SHT across types of
appliances and services, the differences in adoption
of SHT across socio-demographic groups, and the
relationship between SHT and energy consumption.
The situation in Denmark offers a unique opportu-
nity to combine survey data with energy consump-
tion data and register data. The register data comes
from administrative records, where information on
socio-economics and housing for all people living in
Denmark are registered using a unique identification
number.

This data allowed analysis of diffusion, differences
in uptake, and the relationship with energy consump-
tion for the same sample of households. However, the
case of Denmark and the use of survey data limit the
study to investigate the smart appliances that were
asked for in the survey and to a certain extent to the
context of a prosperous Nordic welfare society.

Despite the limitations, the analysis contributes
new evidence on SHT adoption in three ways. First,
rather than investigating intentions to buy, aware-
ness of products, or specific preferences, the variables
indicate ownership of SHT, which reflects actual
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purchases. Although the data are self-reported, this
can contribute to better evidence of which house-
holds tend to acquire SHT. Second, despite minor
biases, the survey sample is representative of the total
population in Denmark. This means that the analysis
reflects ‘ordinary’ households rather than the likely
biased samples in pilot studies or trials. Thus, the
sample might reflect what Rogers (2010) describes
as an early majority, which follows the stage of early
adopters, Third, the analysis is based on more exten-
sive data than previous studies based on surveys (e.g.,
Arthanat et al., 2019, 2020; Parag & Butbul, 2018;
Sanguinetti et al., 2018a, 2018b; Shin et al., 2018) in
terms of the number of observations and variables.
This is also one of the first studies to specifically
investigate the Nordic region.

Definition, diffusion, and adoption of smart home
technology

To give a background for this study, this section pre-
sents relevant literature on the definition, diffusion,
and adoption of SHT. It may not be clear exactly what
the term SHT refers to. When defining SHT, three
features seem to recur. The first feature is the con-
nectedness of devices. To communicate, technologies
must be digitally connected in some way, for example
being integrated into systems or networks, including
the Internet of Things (IoT). In particular, information
technology such as smartphones, sensors, touchscreen
panels, or digital voice assistants like Google Home
and Amazon Alexa is important for devices to con-
nect with lights, heating systems, and other domes-
tic appliances (Tirado Herrero et al., 2018). This
also includes how a technology is set up to control,
monitor, or communicate with another device, for
example, to anticipate and respond in certain ways
(Aldrich, 2003).

The second feature is the residential location. This
simply means that SHT, or the services provided, are
located within the domestic sphere and residential
housing, but can be controlled by residents or others
outside the home (Gram-Hanssen & Darby, 2018).

The third feature is the services that SHT pro-
vides or is expected to provide. Combining the four
features, SHT refers to the automation of connected
technologies aimed at providing services within
the domestic sphere or as Furszyfer Del Rio (2022)

defines it: SHT refers to “[...] appliances that need to
be digitally connected, provide some degree of auto-
mation and deliver enhanced services to occupants’.
When considering SHT as a part of smart grids, the
complex communication networks and remote moni-
toring may also provide services to electricity system
operators (Gram-Hanssen & Darby, 2018), for exam-
ple, the technical potential to deliver energy saving or
time-shifting of energy demand (Ford et al., 2017).

Previous literature mentions a list of services
related to SHT. Services related to energy demand are
among the most well-described (Li et al., 2021), for
example in terms of savings, flexibility, and control
of energy demand, including electricity use, heating,
and cooling (Darby, 2018; Shin et al., 2018; Sovacool
& Furszyfer Del Rio, 2020). Services related to SHT
also include safety and security (Shin et al., 2018),
convenience, controllability, and comfort (Strengers,
2013; Strengers & Nicholls, 2017), entertainment and
enjoyment, as well as more generally financial ben-
efits, aesthetics, functionality and privacy (Sovacool
& Furszyfer Del Rio, 2020). Finally, SHT can also
symbolize wealth or a commitment to sustainability
(Schill et al., 2019).

This variety of services reflects how the diffu-
sion of SHT holds many promises (Skjglsvold et al.,
2015; Sovacool & Furszyfer Del Rio, 2020; Strengers
& Nicholls, 2017). The technology industry seems
to promote visions of increasing levels of comfort
and convenience for (passive) users (Aagaard, 2021;
Strengers & Nicholls, 2017), whereas energy policy
seems to envision SHT as a tool to provide energy
efficiency and flexible energy use (Strengers &
Nicholls, 2017). For example, the European Directive
on energy efficiency in force (European Parliament
2018) incites member states to promote smart tech-
nologies (Article 2a) using a smart readiness indicator
to measure a building’s capacity to use information
and communication technologies to accommodate the
needs of occupants and the energy grid (European
Parliament Directive, 2018, recital 30). However, Jan-
hunen et al. (2019) argue that cold-climate buildings
do not fit well with the smart readiness indicator, as it
is defined in the EU directive.

SHT requires adaptation and familiarization from
householders (Hargreaves et al., 2017a), which might
lead to an initial interest in functionalities, but if the
practical benefits are not clear, SHT risks being per-
ceived as gimmicky and unnecessary (Sanguinetti

@ Springer
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et al., 2018a, 2018b). SHT may also increase house-
hold labor (Strengers & Nicholls, 2017) and lead
to unequal gender roles (Aagaard & Madsen, 2022;
Furszyfer Del Rio et al., 2021), while its implemen-
tation relies on specific (technical) competencies
(Aagaard et al., 2023; Larsen & Gram-Hanssen,
2020; Madsen et al., 2023). In addition, SHT might
contribute to increasing levels of energy consumption
(Darby, 2018; Hargreaves et al., 2017b; Peffer et al.,
2011; Strengers & Nicholls, 2017), yet the direct
effect of SHT on electricity or heating consumption
is still unclear.

Several studies have described the adoption of
SHT using the theory of diffusion of innovation by
Everett M. Rogers (2010). Following this theory, SHT
adoption can be described in five steps representing
different groups of technology adopters (from inno-
vators to early adopters, early majority, late majority,
and laggards). Pantzar (1997) presents an alternative
to Rogers’ diffusion of innovation theory by focus-
ing on how SHT adoption can be seen as a process
of domestication of everyday life technologies. This
follows three steps, where SHT starts as fashion-
able objects of desire, then becomes objects that are
reasonable to acquire in terms of functionality, and
finally, objects of routine, where acquisition is ordi-
nary and requires no justification (Pantzar, 1997).
The element of domestication in SHT adoption links
to studies on the smart home. Hargreaves and Wil-
son (2017) distinguish between three views on the
smart home (functional, instrumental, and socio-
technical), and Hargreaves et al. (2018) outline four
distinct motivations to adopt smart home products: 1)
saving energy, 2) interest in new technology, 3) pro-
tecting the environment, and 4) a desire for improved
control. Moreover, Gram-Hanssen and Darby (2018)
describe four perceptions of a (smart) home: 1) a con-
trolled and secure space, 2) a site of activity and prac-
tices, 3) a place of relationships and continuity, and
4) an expression of identity and values. These stud-
ies emphasize how existing dynamics in the home, for
example, related to aspects of functionality, control,
and social relations, are important in the adoption
and implementation of SHT. In a similar vein, Mad-
sen et al. (2023) show how three ways of approaching
and implementing SHT in everyday practices (i.e., the
critical, the compliant, and the committed) represent
embodied competencies acquired through previous
practice and experience.

@ Springer

Sovacool and Furszyfer Del Rio (2020) point
out social differences in the adoption of SHT as an
important topic for future studies. However, from
previous studies, there is already some knowledge
on this. A general finding is that the adoption of
SHT tends to reflect economic and technologi-
cal developments, with a following bias towards
urban areas and developed countries (Tetteh &
Amponsah, 2020). Focusing on specific contexts,
a review of socio-demographic variations in SHT
adoption shows some clear differences across dif-
ferent socio-demographic groups. SHT adoption
seems to be correlated with a higher income (San-
guinetti et al., 2018a, 2018b; Shin et al., 2018) and
not living alone (Arthanat et al., 2019). The age of
occupants also seems to be an important parameter,
where younger households tend to buy and use SHT
more than older households, which is reflected in an
observed lack of adoption among older households
(Arthanat et al., 2019, 2020; Pal et al., 2018). This
is in line with an Israeli study finding that SHT was
favored by younger households (Parag & Butbul,
2018). On the contrary, a South Korean study found
that younger consumers had lower intentions to buy
SHT (Shin et al., 2018). Finally, a Danish study
indicated that some occupants were not willing to
adopt Smart Energy Technologies even when they
perceived such technologies as being useful in low-
ering energy consumption (Billanes & Enevoldsen,
2022).

Although the previous studies reviewed above
provide valuable knowledge on the process of adop-
tion of SHT, then more research is needed, not least
given the high political expectations of the role of
SHT in managing and reducing energy consumption.
This study aims to contribute to the existing literature
by providing new knowledge on social differences in
the adoption of different types of SHT and investigat-
ing the impact of SHT on actual energy use. Thus,
this paper contributes with empirical evidence on 1)
the diffusion of SHT across types of appliances and
services, 2) which types of households tend to have
different types of SHT, and 3) how having SHT is
associated with levels of energy consumption. While
the majority of previous studies are based on inten-
tions to buy, we contribute to the existing literature
by analyzing survey data with declared purchases
combined with energy consumption and administra-
tive register data.
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Data, variables, and methods

This section presents the data and variables used in
the study and the methods that were used to analyze
this data.

Data

The analyses were based on data from a survey
among a representative selection of Danes com-
bined with data from Danish registers and data on
household electricity and heating consumption (dis-
trict heating and gas). The survey questionnaire was
designed by [Anonymized for peer review], but con-
ducted by Statistics Denmark.

The survey responses were collected during the
period November 2020 to January 2021, while the
electricity and heat consumption data and register
data are from 2019, which corresponds with the ini-
tial selection of the population and sampling of the
survey respondents in January 2019. Survey answers
are thus collected during the Covid-19 lockdown,
whereas consumption data is from the year before the
lockdown and thus not influenced by this. Questions
in this survey about what SHT the household has is
in our assessment not influenced by the lockdown,
however, the use of them may be slightly influenced
toward more use due to being more at home.

The questionnaire was conducted using online
reporting combined with reminders via phone calls.
This means that each respondent received a personal
link to an online questionnaire via the digital post
platform e-Boks, and if they did not respond within
a certain period, they were reminded via a phone call
to use the link in the digital mailbox. The distributed
questionnaire was in Danish, but the initial questions
were formulated in English and translated.’

The sampling was done by randomly select-
ing adults (18 years or older) in Danish households
with a smart electricity meter® and without their own

2 The full questionnaire in both Danish and English can be
found here: https://vbn.aau.dk/da/publications/survey-quest
ionnaire-on-households-use-of-smart-home-technology-a
(Trotta et al., 2023).

3 Tt was expected that all Danish households would have smart
meters with remote reading of electricity consumption by the
end of 2020 (Danish Energy Agency 2020), so we did not
expect a strong bias based on this parameter.

production of electricity (e.g., solar panels*), elec-
tric heating,® or registered commercial use. Exclud-
ing households with electricity production or being
heated by electricity was done to be able to compare
the level of consumed electricity only for appliance
use between households. Households having EVs
were not excluded, but these were very few at this
time, as only 2% of all cars in 2019 were electric.
Thus, a household with an EV is a possible (minor)
error in the analysis of electricity consumed for appli-
ance use. Analysis of heating was done based on
yearly consumed heating per household as delivered
by gas or district heating companies.

The survey sample was selected from a popula-
tion of 3,495,169 people, where 4,515 people were
invited to participate in the survey, and 1,468 people
responded to all questions, giving a response rate of
33%. The final number of observations in the regres-
sion models was 1,463 due to some missing values.

The sampling meets the international criteria
for universal representativity (Eurostat, 2008), and
Appendix 1 gives a comparison of the population and
survey sample on a list of parameters, which high-
lights some differences (e.g., the percentage of lower
income, younger people, and people living in the
capital area are lower in the sample compared to the
general population).

Variables

The variables used in the analyses can be divided
into three groups. First, questions from the sur-
vey included questions about SHT in the respond-
ents’ homes. The questions were formulated as fol-
lows: “Do you have [insert smart appliance] in your
house?”, where the question was repeated for each of
the following nine smart appliances: voice-controlled
units (e.g., Alexa, Google Home, Apple HomeKit),
home security systems (e.g., cameras, alarms, locks,
smoke detectors), smart lighting, smart plugs, smart
thermostats, smart heating control, robotic vacuum
cleaner, robotic lawnmower, and smart music sys-
tems. The respondents had three answer options: 1.

4 Only a small percentage of Danish households (fewer than
100,000) are expected to have solar panels (PVs) (Hansen,
Jacobsen, et al., 2022a, 2022b).

5 Less than 10% of Danish households are expected to have
electric heating (www.statistikbanken.dk, register BOL102).
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“have and use it”; 2. “have it but do not use it”; 3.
“Do not have it”.

Second, data from Danish administrative registers
used in the analyses covered socio-demographic char-
acteristics such as income and age, as well as dwell-
ing characteristics such as housing type and size. The
variable indicating technical education covered the
occupational groups categorized as industrial and
technical education, such as working with machines
and technology, e.g., engineers and IT-supporters, and
craftsmen, e.g., carpenters and electricians. The vari-
able disposable income refers to the amount of money
that is left from individual salaries to consumption
and savings after taxes and mortgages have been paid.
A full list of variables can be found in Appendix 1
with a comparison to the full population. All people
living in Denmark are registered by a unique iden-
tification number, and this information constitutes
administrative records used for purposes like taxa-
tion. However, this information is also available for
researchers, in anonymized form through secure serv-
ers at Statistics Denmark. This means that such data
is only accessible in anonymized form (i.e., it is not
possible to identify specific individuals or addresses),
under a range of restrictions, and only through Statis-
tic Denmark’s servers (Statistics Denmark, 2020).

Third, data on energy consumption were provided
by two sources. Electricity consumption data were
provided by Statistics Denmark, who collect data on
electricity use from the Danish electricity transmis-
sion system operator, Energinet. Heating consumption
data (gas and district heating) were provided by the
Danish Property Assessment Agency and uploaded
to Statistic Denmark’s registers in anonymized form.
Data on heating consumption were only available for
respondents living in single-family houses and heated
by either gas or district heating which restricted the
models using this data to 749 observations.

Methods

The first part of the analysis descriptively investi-
gates the diffusion of smart home technology. Spe-
cifically, we illustrated the proportion of respondents
who stated that they have any of the nine smart appli-
ances in their house. In addition, SHTs are classified
according to the type of service they provide. This
includes:

@ Springer

1) Entertainment

2) Home security

3) Robotic help

4) Electricity management
5) Heating management.

In the second part of the analysis, the factors influ-
encing the probability of Danish households adopt-
ing smart home technologies are examined within a
standard discrete choice probit model framework. The
probability of smart home technology adoption by
households is described as follows:

Pr(y;=1) =o(f'x) (1)

where @ represents the cumulative normal distri-
bution, x; is a vector of explanatory variables with
socio-demographic and dwelling characteristics
of household il and f’ is the parameter vector to be
estimated. The probit model assumes that while the
variable y; takes the values of O (no SHT adoption)
and 1 (at least one SHT adopted and in use), there is
a latent, unobserved continuous variable that estab-
lishes a linear relationship between the variables of
interest and determines the value of y;.

Due to the nonlinear nature of the probit models,
we used the average marginal effects (AMESs) to esti-
mate the effect of each explanatory variable (socio-
demographic, dwelling, and households) on SHT
adoption according to the type of service they provide
(e.g., entertainment, home security, etc.). The Hos-
mer and Lemeshow goodness-of-fit tests (all P val-
ues >0.05), the McFadden Pseudo R2, and the per-
centage correctly predicted by the probit models are
given.

Finally, to investigate the correlation between
adoption of SHT and electricity consumption, we
estimated an ordinary least squares (OLS) model.
The electricity demand function is then specified as
follows:

InE; = ag + SHT; + agpSD; + apyDH; + ¢ 2)

where E;, is the actual annual electricity consump-
tion (kWh) from January 1 to December 31, 2019,
SHT; denotes the five SHT services, SD; is a vector
of respondent socio-demographic characteristics such
as income, age, education, and gender, DH, is a vec-
tor of dwelling and household characteristics such as
dwelling type, dwelling tenure, household type, and
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Table 1 Overview and summary statistics for dependent variables

Variable Description Outcomes Regression model
SHT Has at least 1 SHT in the household, yes N=1,468 Probit
(=1)orno (=0) Mean=0.553
Std. Dev.=0.497
Heating management Smart thermostats or smart heating control, N=1,468 Probit
yes (=1) or no (=0) Mean=0.126
Std. Dev.=0.332
Electricity management Smart plugs or smart lighting, yes (=1) or ~ N=1,468 Probit
no (=0) Mean=0.140
Std. Dev.=0.347
Entertainment Voice-control or music system, yes (=1) or N=1,468 Probit
no (=0) Mean=0.295
Std. Dev.=0.456
Home security Home security system, yes (=1) orno (=0) N=1,468 Probit
Mean=0.240
Std. Dev.=0.427
Robotic help Robotic vacuum cleaner or robotic lawn N=1,468 Probit
mower, yes (=1) or no (=0) Mean=0.173
Std. Dev.=0.378
Electricity consumption Amount of kWh of electricity used in 2019 N=1,463 Ordinary least square (OLS) regression
Mean=3,003.5
Std. Dev.=1,895.6
Heating consumption ~ Amount of kWh of energy used for space N=749 Ordinary least square (OLS) regression

heating and domestic hot water in 2019,

gas or district heating

Mean=22,074.1
Std. Dev.=16,987.8

number of rooms, and ¢;, is the error term. The vari-
ables annual electricity consumption and annual heat-
ing consumption were logarithmically transformed to
ensure a normal distribution. Table 1 summarizes the
dependent variables used in the analyses.

Results

The analysis consists of three steps: first, we describe
the diffusion of different forms of SHT; second, we
identify differences in the adoption of SHT across
social groups; third, we model the association
between SHT uptake and energy consumption for
appliances and heating.

Diffusion of SHT

Table 2 presents the diffusion of SHT based on the
representative survey among Danish households. In
the questionnaire, we presented a list of SHTs and
asked respondents whether they had or used these in
their homes. In total, 55.3% (812) of the respondents

stated that they had at least one of the appliances, and
the results showed that home security systems (e.g.,
cameras, alarms, locks, and smoke detectors) were
the most prevalent with 22.2% stating that they had
and used such systems. An additional 2% stated that
they had but did not use them. This was followed
by smart music systems with 19% and smart light-
ing with 1.7% of respondents. Smart plugs (5.4%)
were the least common SHT according to this survey.
Table 2 shows that voice-control devices (e.g., Alexa,
Google Home, and Apple HomeKit) had the highest
percentage (8.5%) of respondents stating that they
had them but did not use them.

As several of the SHTs relate to similar services,
we grouped the SHTs into five services that they are
pected to provide.

Figure 1 shows the percentage of the six SHT ser-
vices in the sample of Danish households. The most
popular SHT service is home security with 22%, fol-
lowed by entertainment (music systems) with 21%.
Then follows robotic help (robotic lawnmowers and
vacuum cleaners) and control (voice-control devices),
both represented by 15%. The least common were the

@ Springer
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Table 2 Responses
to questions about the
availability and use of

Have and use it Have it but do not Do not have it

smart home devices in

the household. Number of
observations in brackets.
Sorted by the category
‘Have and use it’. Sample of
1,468 observations

use it

Home security system 22.2% (419) 2.0% (37) 75.9% (1,435)
Smart music system 19.0% (359) 1.8% (33) 79.2% (1,495)
Smart lighting 1.7% (202) 1.0% (19) 88.3% (1,669)
Robotic lawnmower 8.4% (158) 0.4% (7) 91.3% (1,722)
Smart thermostats 8.0% (151) 0.9% (17) 91.1% (1,720)
Smart heating control 7.8% (148) 1.0% (19) 91.2% (1,721)
Robotic vacuum cleaner 7.7% (146) 2.2% (42) 9.0% (1,699)

Voice-control devices 6.9% (131) 8.5% (161) 84.6% (1,603)
Smart plugs 5.4% (101) 1.0% (19) 93.7% (1,769)

Fig. 1 Percentage of Dan-
ish households demand-
ing a specific smart home
technology service from a
sample of 1,468 observa-
tions. Note that the figures
sum to more than 100%, as
households may have more
than one type of SHT

Home security
22%

two services relating to household energy manage-
ment in the form of electricity consumption control
(smart lighting and smart plugs) and heating con-
sumption control (smart heating control and smart
thermostats).

Differences in SHT uptake

In addition to the general uptake of SHT among the
surveyed Danish households, we investigated which
households tend to have and use SHT. We used probit
regression models to empirically investigate the mag-
nitude of the effects of socio-demographic, dwelling,
and household characteristics on the probability of
SHT adoption, and Table 3 shows the average mar-
ginal effects (AMESs) of probit regression models for
each of the SHT services.

Generally, there are few significant associations
between the socio-economic and demographic char-
acteristics and having SHT (Any SHT). However, the
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Entertainment

21%

Electricity
management
13%

Heating management
11%

respondents above 60 years old seem less likely to
adopt SHT compared to the younger age groups. This
is particularly true for electricity management and
entertainment services, where the group of 71 years
or older seems more likely to have smart heating
appliances, while for robotic help, it is the group aged
18 to 40 who appear more likely to demand such
services.

Furthermore, those living in an apartment seem
less likely to have and use SHT, particularly in terms
of home security and robotic help. This probably
illustrates how these services are primarily designed
for detached housing, for example, houses with a
garden.

There are some significant associations for specific
SHT services. The highest income group (€50,000 or
more), based on the individual respondents’ dispos-
able income, is more likely to have smart security
systems, while highly educated individuals are more
likely to have robotic help, those with a technical
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Table 3 Coefficients of probit models for each SHT service. Clustered standard errors at the individual level are in parentheses

Any SHT Heating man-  Electricity Entertain- Control Home Robotic
agement management  ment security help
Disposable indi-
vidual income
(Ref. = Less than
€20,000)
€20,000 to -0.050 (0.12)  -0.294 (0.16)  -0.026 (0.17)  -0.190 (0.15) 0.250 (0.21)  0.212 (0.15)  -0.162 (0.17)
€30,000
€30,000 to 0.114 (0.13)  -0.059 (0.16)  0.024 (0.18)  -0.102 (0.15) 0.240(0.22)  0.259 (0.15)  0.174 (0.17)
€40,000
€40,000 to 0.097 (0.14)  0.013(0.18)  -0.016 (0.19)  0.059 (0.16)  0.227 (0.24)  0.305 (0.17)  0.139 (0.18)
€50,000
€50,000 or more  0.286 (0.15)  -0.070 (0.19)  0.235(0.20)  0.236 (0.17)  0.448 (0.24)  0.650%*** 0.076 (0.19)
0.17)
Educational level
(Ref. =Shorter
or not regis-
tered)
Vocational 0.056 (0.10)  -0.020 (0.13) -0.137(0.12) 0.117(0.12)  0.123 (0.15)  -0.038 (0.11)  0.378** (0.13)
University, col- 0.044 (0.09)  -0.007 (0.13) -0.196 (0.12) 0.168 (0.12)  -0.010 (0.16) -0.236* (0.11) 0.396** (0.13)
lege, or longer
Technical educa-
tion
(Ref-=No)
Yes 0.176 (0.10)  0.334%* 0.213(0.12)  0.106 (0.11)  0.134 (0.14)  0.096 (0.10)  -0.117 (0.12)
(0.12)
Gender
(Ref. = Female)
Male -0.007 (0.08)  0.047 (0.10)  0.192* (0.10) 0.156 (0.09)  0.084 (0.12)  -0.124%** -0.015 (0.10)
(0.08)
Partner (Ref.=No
partner)
Lives with partner 0.154 (0.08)  0.219* (0.11) 0.087 (0.11)  0.274** 0.255 (0.13)  0.202* (0.09) 0.179 (0.11)
(0.10)
Child (Ref.=No
child)
Child in house- 0.173 (0.10)  0.104 (0.13)  -0.072 (0.13) 0.183 (0.11)  0.177 (0.15)  0.043 (0.12)  0.192 (0.13)
hold
Age (Ref.=18 to
40 years)
40s -0.230(0.12)  0.338*% (0.17) -0.112 (0.14) -0.302* (0.13) -0.268 (0.16) 0.253 (0.14)  -0.448** (0.14)
50s -0.252* (0.12) 0.177 (0.17)  -0.254 (0.14) -0.411%* -0.260 (0.17) 0.018 (0.14)  -0.498** (0.15)
(0.13)
60s -0.400%** 0.419* (0.17) -0.492%* -0.609%** -0.528*(0.21) 0.116 (0.15)  -0.572%%%*
(0.13) (0.16) 0.14) (0.16)
71 or older -0.350%** 0.564**(0.17) -0.780%%** -0.780%** -0.584%* 0.297 (0.15)  -0.389* (0.17)
(0.13) (0.18) (0.15) (0.20)
Dwelling owner-
ship
(Ref. =Rented)
Owner-occupied  0.187 (0.11)  -0.095 (0.16)  0.067 (0.15)  -0.042 (0.13) -0.205 (0.16) -0.064 (0.13) 0.099 (0.16)

@ Springer



16 Page 10 of 16

Energy Efficiency (2024) 17:16

Table 3 (continued)

Any SHT Heating man-  Electricity Entertain- Control Home Robotic
agement management  ment security help
Dwelling type
(Ref. = Detached)
Terraced -0.068 (0.12)  -0.234 (0.16) -0.056 (0.15) -0.007 (0.13) 0.078 (0.17) ~ -0.269* (0.13) -0.418** (0.16)
Apartment -0.321%* -0.391%* (0.16) -0.194 (0.16) -0.106 (0.15) -0.337 (0.19)  -0.570%%** -0.722%#%*
(0.12) (0.15) (0.18)
Number of rooms
(Ref.=Max. 3
rooms)

4 rooms -0.107 (0.10)  -0.002 (0.13)  -0.065 (0.13)  0.042 (0.12)  -0.161 (0.15) -0.071 (0.11)  0.006 (0.13)
5 rooms or more  -0.080 (0.11) -0.118 (0.14) -0.002 (0.14) 0.131(0.12)  -0.222 (0.16) -0.030 (0.12) 0.073 (0.14)
Pseudo R2 0.053 0.053 0.056 0.090 0.060 0.058 0.113
Number of obser- 1,468 1,468 1,468 1,468 1,468 1,468 1,468

vations

* p<0.05, ** p<0.01, ¥+ p<0.001

Table 4 Ordinary least
square (OLS) regression

Electricity consumption (log

Heating con-

. > . of kWh) sumption (log of

estlmat.es w1th a log-linear KWh)

model including control

variables Coef. (SE) Coef. (SE)
Smart home technology service
Heating management 0.003 (0.04) -0.064 (0.06)
Electricity management 0.070* (0.04) 0.141*#* (0.07)
Robotic help -0.014 (0.03) -0.050 (0.05)
Home security 0.088*** (0.03) -0.003 (0.05)
Entertainment -0.007 (0.03) 0.028 (0.06)
Control 0.067 (0.05) -0.004 (0.09)
R2 0.512 0.212
Number of observations 1,463 749

*#% p<0.01, ** p<0.05, * p<0.1. Standard errors in parentheses. The full table
is shown in Appendix 2

education are more likely to have smart heating man-
agement, and those with a partner are more likely to
have SHT for entertainment.

The analysis indicates that gender, children, dwell-
ing ownership, and number of rooms are not associ-
ated with having and using SHT and that education
and income are only associated to a limited extent.
An additional analysis (not reported) only on single
households did also not show any significant asso-
ciation with gender. This indicates that gender seems
less important for the uptake of SHT, which is quite
surprising considering the qualitative studies on this
topic (Aagaard & Madsen, 2022). However, it is

@ Springer

important to note that the variable gender refers here
to the survey respondent and therefore does not give
any information about who bought and uses the SHT.

SHT and energy used for appliances and heating

The final part of the analysis investigates the cor-
relation between SHT services and energy con-
sumption, divided into electricity for appliance use
and gas or district heating for heating purposes.
Table 4 shows the results of two OLS regression
models, where the first estimates correlations with
electricity consumption for appliances and the
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second estimates correlations with heating con-
sumption for a subsample of households living in
single-family houses. Both electricity for appli-
ances and heating consumption are measured as
the log of kWh.

The results of the OLS regression model on
electricity consumption in Table 4 show that the
home security service is significantly higher
with a 99% significance level. This indicates that
households with home security tend to consume
8.8% more electricity than other households when
controlling for other SHT services and house-
hold characteristics. Alarm systems typically have
a power use in the range of 1-20 Watts, which
accounts for a yearly consumption of 10-200
kWh, which is considerably lower than 8,8% of
an average household’s electricity consumption of
approximately 4,000 kWh. Thus, our analysis does
not suggest that the alarm alone is responsible for
the 8.8% higher consumption, but that it can be an
indicator of a home with many electric appliances,
and high use of appliances. In addition, the esti-
mate for electricity management is significantly
positive, but only at a 90% level. This indicates
that households with electricity management tend
to consume 7.8% more but with a lower level of
confidence.

For heating consumption, the estimate for elec-
tricity management is significant at a 95% signifi-
cance level. This suggests that households with
SHT for electricity management, e.g., smart light-
ing, tend to consume 14.1% more heating. In this
case, electricity management could be an indicator
of presence in the home or homely practices, and
thereby demand energy for heating. Finally, there
is no significant correlation between having heat-
ing management and heating consumption, indi-
cating that SHT service of heating management is
not linked to higher or lower heating demand.

The OLS regression models control for a range of
socio-demographic and dwelling characteristics, and
the model with heating consumption also controls for
the size of the house (full table in Appendix 2). It is
also worth noting that it was only possible to conduct
the heating consumption analysis for the respondents
living in single-family detached dwellings, supplied
with gas or district heating.

Discussion and conclusions

Smart home technology (SHT) is increasingly
entering homes to provide services such as energy
management, security, comfort, and convenience
in everyday life. For example as part of HEMS
with purposes of energy saving and demand con-
trol (Mahapatra & Nayyar, 2022). However, there
is still little evidence of the actual uptake of
SHT, its determinants, or its influence on energy
consumption.

According to Eurostat data, Denmark is among
the frontrunners in adopting SHT for security and
household appliances. Using Denmark as a case
study and based on a representative survey question-
naire among 1,468 Danish households combined
with register data from 2019, this study investi-
gated (i) the diffusion of various types of SHT in
Denmark, (ii) the social differences in the uptake
of SHT, and (iii) the correlation between SHT and
energy consumption.

First, it shows that home security and entertain-
ment were the most common SHT services, followed
by robotic help.

Second, the analysis also showed that older age
groups were less likely to adopt SHT, especially
for entertainment and electricity management. The
group under 40 years old was more likely to have and
use household robotic help (lawnmowers and vac-
uum cleaners) than other age groups. However, as an
exception, it appears that the group aged 71 or older
was more likely to have and use heating management
as an SHT service. The overall picture is in line with
previous studies that also indicate a stronger interest
in SHT among younger age groups (Arthanat et al.,
2019, 2020; Pal et al., 2018; Parag & Butbul, 2018).

In terms of income and education, there are only
a small number of significant correlations. First, the
highest income group was more likely to have smart
home security. Second, individuals with a technical
education tended to have smart heating management.
Third, a longer education seemed to be associated
with having robotic help in the household, and fourth,
living with a partner was associated with a tendency
to have and use SHT for entertainment. There are
some examples in previous research that link SHT
adoption to a higher income (Sanguinetti et al.,
2018a, 2018b; Shin et al., 2018) and not living alone
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(Arthanat et al., 2019), and this study partly under-
lines this.

Third, from a policy perspective, smart heating con-
trol has been promoted as a way to save energy, but how
realistic this has also been questioned, and it could be
that the opposite is true (Darby, 2018; Hargreaves et al.,
2017b; Peffer et al., 2011; Strengers & Nicholls, 2017).
The unique data opportunities in Denmark allow us to
combine survey data with energy consumption data,
separated for respectively energy for heating (gas or dis-
trict heating) and electricity for appliance use. To our
knowledge, this has been the first opportunity to com-
bine such representative quantitative data. This paper is
therefore very important in shedding light on the cor-
relations between SHT and energy consumption. The
results indicate that there is no correlation between the
actual level of energy consumed for heating and having
smart heating control. Policy assumptions about any
potential energy reduction following smart heating con-
trol should therefore take this into account. From this,
it seems that having smart heating control is not asso-
ciated with neither saving nor consuming more energy
for heating. This could be the result of two opposing
tendencies. First, it is well-known that different types
of efficient heating technologies imply changing norms
of comfort and that even higher levels of comfort are
prioritized over any possible savings, as with perfor-
mance gaps (Hansen & Gram-Hanssen, 2023), and
smart heating control could likely have similar impli-
cations. Future studies that include temperature levels
in homes with smart heating could be relevant. Sec-
ond, is the opposite case where the savings result from
making it easier to control heat and only use it when
needed (Hansen et al., 2022a, 2022b). This paper did
not include electric heating, though in a future with
expectations of more electric heating, the time of use
of electricity, and reducing peak consumption and shift-
ing towards times with high renewable production will
be increasingly relevant from a grid perspective (Smale
et al., 2017; Torriti, 2015). In this case, smart control of
heating will likely be beneficial.

Concerning electricity for appliance use, we inves-
tigated the association between SHT adoption and
energy consumption, in the form of heating and elec-
tricity. We found a modest association between smart
electricity management, such as smart lighting and
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smart plugs, and higher electricity consumption. How-
ever, surprisingly smart electricity management was
associated with higher heating consumption, which
was not the case for smart heating management, such
as smart thermostats. This indicates that SHT ser-
vices of heating management are not linked to higher
or lower heating demand, whereas SHT services of
electricity management are linked to higher heating
demand, and with less confidence, also to higher elec-
tricity consumption. Finally, we found a correlation
indicating that having home security systems is asso-
ciated with higher electricity consumption. The home
security systems analysis indicated an 8.8% higher
electricity consumption, which is higher than what is
reasonable to believe can be ascribed alone to the elec-
tricity demanded by the security system itself.

Although this analysis took other household
and dwelling characteristics into account, the asso-
ciations with electricity consumption might reflect
other household practices that are indirectly linked
to SHT, for example, more energy-intensive life-
styles in general. However, from a policy perspec-
tive, it is important to emphasize that this study
cannot confirm that smart energy management will
contribute to lowering energy consumption, neither
related to heating nor to electricity for appliances.
Our analysis indicates that SHT for energy man-
agement can be associated with higher heating con-
sumption, but this requires further investigation.

Despite the richness of the dataset used in
the paper, one limitation of this study is that it
does not cover all forms of appliances and ser-
vices linked to SHT, for example, smart TVs and
smart fridges, nor does it capture varying degrees
of smartness of the selected smart appliances.
Also, ownership of electric vehicles which is not
accounted for in the analysis may have influenced
the result, although the uptake of EVs at the time
of the data collection was low. Furthermore, our
data may quickly appear outdated as the market
for SHT is expanding rapidly. Future research
could address these limitations with updated
forms of SHT services. Finally, future studies
should include the use of SHT in a future elec-
trified society where flexibility and time of use
become increasingly important.
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Appendix 1 Population Sample
Electricity consump- Mean=2,831.8 Mean=2,993.3
Population Sample tion (in 2019)
Electricity consump- Mean=2,831.8 Mean=2,993.3 Std. Dev.=14,543.1 Std.
tion (in 2019) _ Dev.=1,90.4
Std. Dev.=14,543.1 Std. % N % N
_ Dev.=1,90.4
Number of observa- 3,394,393 1,468
% N % N tions
Disposable income
Less than €20,000  22.7% 771,147  11.4% 168 Appendix 2
€20,000 to €30,000 27.4% 929,290  25.4% 373
€30,000 to €40,000 22.6% 766,683  27.3% 400
€40,000 to €50,000 13.5% 456,422  18.2% 267 Electricity con- _ Heating con-
€50,000 or more 13.9% 470,851 17.7% 260 sumption (log of sumption (log of
Educational level kWh) kWh)
Shorter or not 36.2% 1,228,290 24.2% 355 Coef. (SE) Coef. (SE)
registered
Vocational 323% 1,096,037 360% 528 Smart home technol-
. . ogy service
Ugivl‘:’)rrf‘gtgr college, 31.5% 1070066 4.0% 585 Heating management  0.003 (0.04) -0.064 (0.06)
Technical education  17.5% 594,016  2.0% 294 Electricity manage-  0.070% (0.04) 0.141% (0.06)
(yes — 1) ment
Male (yes=1) 483% 1637815 454% 666 Robotic help -0.014 (0.03) -0.050 (0.05)
Lives with partner  59.3% 2,011,505 61.2% 898 Home security 0.088+%(0.03)  -0.003 (0.05)
(ves=1) Entertainment -0.007 (0.03) 0.028 (0.06)
Child (yes=1) 32.0% 1,086,251 26.7% 392 Control 0.067 (0.05) -0.004 (0.09)
Age Disposable income
18 to 40 years 314% 1,066,770 153% 225 geof'ozogf“ than
40s 17.7% 601,442 18.7% 275 €20,000 to €30,000  -0.006 (0.04) 0.004 (0.09)
30s 18.1% 613,111 23.4% 343 €30,000 to €40,000  -0.006 (0.04) -0.033 (0.09)
60s 148% 303,133 2.9% 307 €40,000 to €50,000  -0.027 (0.05) -0.049 (0.10)
7horolder 18.0% 609,937 21.7% 318 €50,000 or more 0.037 (0.05) 0.025 (0.10)
OXZ(SH;OIC)CW ied 33.1% 1,871,534 66.8% 980 Educational level (Ref. = High school,
] shorter or not registered)
Dwelling type Vocational -0.016 (0.03) -0.023 (0.07)
Detached 48.1% 1,631,454 582% 854 University, college, or -0.052 (0.03) 0.084 (0.07)
Terraced 147% 497,631 14.7% 215 longer
Apartment 373%  1,265308 27.2% 399 Technical education
Number of rooms (Ref.=No)
Max. 3 rooms 4.0% 1,356,364 34.2% 502 Yes -0.014 (0.03) -0.073 (0.06)
4 rooms 26.7% 906,681  28.9% 424 Gender
5 rooms or more 333% 1,131,348 36.9% 542 (Ref. = Female)
Area Male -0.022 (0.03) 0.049 (0.05)
Capital area 24.8% 842,022  14.7% 215 Partner (Ref.=No
50,000 or more 192% 650931 17.8% 261 pariner)
10,000 to 50,000 216% 733308 23.8Y% . Lives with partner 0.345%%% (0.03)  0.084 (0.06)
2,000 to 10,000 17.1% 581428 23.4% 344 Child (Ref. =No child)
Less than 2,000 173% 586704 23% 208 Child in household 0.243%%% (0.04)  0.072 (0.07)
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Electricity con-
sumption (log of
kWh)

Heating con-
sumption (log of
kWh)

Coef. (SE) Coef. (SE)
Age (Ref.=18 to
40 years)
40s 0.059 (0.04) -0.075 (0.08)
50s 0.148*** (0.04) -0.006 (0.09)
60 s 0.109** (0.04) -0.020 (0.10)
71 or older 0.043 (0.04) 0.068 (0.11)

Dwelling ownership
(Ref. =Rented)
Owner-occupied

Dwelling type
(Ref. = Detached)

Terraced
Apartment
Number of rooms
(Ref.=Max. 3
rooms)
4 rooms
5 rooms or more
Town size (Ref. = Cap-
ital area)
50,000 or more
10,000 to 50,000
2,000 to 10,000
Less than 2,000
Heated area (m2)
Constant
R2

Number of observa-
tions

0.141%** (0.04)

-0.130%%% (0.04)
-0.346%%% (0.05)

0.054 (0.03)
0.166%** (0.04)

0.008 (0.04)
0.053 (0.04)
0.055 (0.05)
0.226%%* (0.05)

7.359%%% (0.08)
0.512
1,463

0.186* (0.10)

0.021 (0.08)
0.073 (0.08)

-1.099%#% (0.12)
-0.833%%% (0.12)
-1.007%%% (0.11)
-0.857%%% (0.12)
0.003*#* (0.00)
9.867*%* (0.20)
0.212

749

Ordinary least square (OLS) regression estimates with log-
linear model including control variables. *** p<0.01, **
p<0.05, * p<0.1. Standard errors in parentheses
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