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Abstract
Consumer-facing digital innovations with the potential to reduce carbon emissions often exist in small
market niches and their impact has been limited thus far. Using the established Diffusion of innovations
theory which considers interpersonal communication amongst social networks to be a vital mechanism
for exchanging information, we conducted an online survey in the UK to investigate the social networks
and communication behaviours of adopters and non-adopters of three different energy saving smart
home technologies. Applying social network analysis and statistically testing hypotheses, our results
reveal the potential social barriers to the diffusion of information, with social network structure and
characteristics creating obstacles. This research provides necessary insights into real early adopters,
confirms the importance of focussing research on the often-neglected social elements of diffusion
theory and helps identify marketing strategies and policy actions using social mechanisms to accelerate
a low carbon transition.
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1. Introduction
Growth in global energy use is largely outpacing decarbonisation, with rates of energy efficiency
improvements slowing (IEA, 2019). Energy policy predominantly focusses on energy supply rather than
a systemic approach to reducing energy consumption (Creutzig et al., 2018; Eyre and Killip, 2019). To
address the urgent challenges associated with climate change and the move towards a low carbon
society, changing energy demand has the capacity to support not only reductions in greenhouse gas
emissions but also other key energy policy goals such as security and affordability (IPCC, 2018). The
residential sector is reported to account for 27% of global energy consumption and 17% of CO2
emissions (Nejat et al., 2015), with considerable potential for emission reductions through rapid uptake
of domestic solutions (Cosar-Jorda et al., 2019; Kesicki, 2012). Established techniques for helping
reduce energy use in residential buildings include attic insulation, sealing drafts and double-glazed
windows (Watson, 2015). However, with current lifestyle transformations driven by smartphones
occurring, harnessing such secular trends through the use of digitally controlled smart home
technologies (SHTs), offer the opportunity for modernisation and control, improved efficiency and even
greater reductions in energy demand.
In this paper, we refer to SHTs as in-home technological devices equipped with communication network
functionality enabling the residents to access, monitor and control (including by remote) the services
they provide (Balta-ozkan et al., 2013). These attributes, in addition to automation and adaptive
learning (Hargreaves and Wilson, 2017), result in SHTs offering great potential to lower CO2 emissions
through several avenues: i) directly reducing demand e.g. standby consumption (Hittinger and
Jaramillo, 2019); ii) enabling effective integrated energy system management i.e. energy being turned
on and off, stored, scheduling tasks and shifting peak load (EcoGRID, 2016; IEA, 2019; Young, 2018); iii)
increasing efficiency of energy systems with growing shares of intermittently generated energy,
predominantly from renewables (OECD, 2019; UKERC, 2019; IEA, 2019); and iv) being a gateway
technology for engaging consumers and challenging societal norms of high energy consumption.
Despite the various benefits SHTs offer to the energy system and consumers, the growing number of
products on the market (Ford et al., 2017) and industry investments made (Baudier et al., 2018), they
remain trapped in small consumer niches (Coskun et al., 2017; Greenough, 2016; McKinsey & Company,
2018). Year-on-year market predictions, expecting rapid expansion, have fallen short (Accenture, 2016;
Navigant Research Group, 2012; The Harris Poll, 2015) creating major disappointment within the
industry (Accenture, 2016; OECD, 2018). SHTs which offer the greatest potential of improved energy
efficiency and carbon reductions - referred to as energy-SHTs from herein - such as smart heating
systems (BIT, 2017), smart lighting (Laidi et al., 2019) and smart appliances (Hsu and Lin, 2016)
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experience some of the slowest rates of adoption. For example, the global market for smart appliances
(including fridges, washing machines, tumble dryers, dishwashers and ovens) was projected to grow
650-fold from $40m in 2012 to $26bn in 2019 (IEA, 2013), however revenue amounts to just US$16.9bn
in 2019 (Statista, 2019). A survey of 2000 UK residents found just 8% had smart thermostats, 7% had
smart lightbulbs and 4% has a smart washing machine (Mintel, 2018). Sales in other SHT market sectors,
in particular entertainment and security systems, have seen higher rates of growth (GfK, 2017) but do
not provide clear benefits to energy management.
Much of the literature around the adoption of such technologies focusses on aspects of market
segment characteristics or attribute appeal amongst consumers. An often-overlooked element is the
role of communication within the social system. Therefore, the key research question we aim to address
in this paper is: How can the adoption of energy-SHTs be encouraged through social mechanisms?
In order to explore this guiding research question, we first present the theoretical background of
innovation diffusion, focusing on social processes and hypothesising expected characteristics of energySHT adopters and non-adopters which are considered to positively influence rates of adoption. We then
present our methodology of an online survey which targeted both adopters and non-adopters of three
energy-SHTs in the UK, followed by the statistical methods used to test the hypotheses. The results and
discussion provide insights into the elements which are not consistent with the literature and could
potentially be hindering the diffusion process.

2. Theoretical foundation and hypotheses
2.1 Diffusion of innovations through social mechanisms
Whilst the diffusion process of new products and services has become increasingly complex and
multifaceted (Linton, 2002), the most challenging part of an innovation’s diffusion process is known as
‘the chasm’ (Moore, 2014). The point at which an innovation goes from being adopted by the minority
– roughly made up of 16% of the population known as the innovators and early adopters - to the
mainstream majority. The SHT market is commonly reported to be struggling to overcome the chasm
(e.g. Greenough, 2016), with market shares data reinforcing such assertions. Strategies to accelerate
diffusion beyond the chasm often draw upon marketing, economic and psychology literature,
discovering barriers and solutions by assessing an innovation’s attributes, the market dynamics and
consumer preferences. The Diffusion of Innovations (DoI) (Rogers, 2003) is a well-established theory
which brings together these elements, providing a robust framework.
A critical element of Rogers' (2003) DoI theory is the importance of social processes and the influence
of social networks through communication channels. However, research on the diffusion of SHTs tends
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to focus predominantly on other elements of DoI or derivatives of the framework such as the
technology acceptance model (TAM) which centres around the intention to adopt according to
perceived innovation characteristics (namely usefulness). Examples include research on: i) the
adoption-decision process (e.g. Ford et al., 2016; Sanguinetti et al., 2018); ii) consumer intention to
adopt (using variants of TAM) (Hubert et al., 2019; Park et al., 2018a; Shin et al., 2018; Whittle et al.,
2020; Yang et al., 2018); iii) a specific group of users such as older adults (Demiris et al., 2004) or
technology enthusiasts (Mennicken and Huang, 2012); and iv) a variety of combinations of the above
i.e. a specific group of potential users’ intention to adopt (Baudier et al., 2018) or consumer intentions
to adopt based on environmental concerns, beliefs and perceived usefulness (Schill et al., 2019). Many
scholars (Gram-Hanssen and Darby, 2018; Hong et al., 2019; Shin et al., 2018; Wilson et al., 2015)
highlight that there is a lack of research which studies actual adopters of SHTs, and that gathering
insights from early adopters is essential for facilitating the widespread uptake of SHTs since they are
regarded as the main driver of the consumer market (Moore, 2014).
Darby (2019) stresses how little attention has focussed on person-to-person interactions regarding SHT
that could aid an understanding of their adoption. The limited research which has involved early
adopters has often involved small sample sizes for qualitative data collection (e.g. Coskun et al., 2017;
Mennicken and Huang, 2012). Some empirical work on the role of social networks in the diffusion of
energy innovations exists (Bale et al., 2013; Fell et al., 2009; Mcmichael and Shipworth, 2013) but no
research has investigated their role in energy-SHT adoption nor the communication behaviours of
adopters.
Copious examples of both empirical and theoretical research support the concept that social networks
and social influence processes through communication channels can be harnessed to help innovation
diffusion (Mcmichael and Shipworth, 2013; Sriwannawit and Sandström, 2014). Early adopters are
considered to be role models and opinion leaders who play a central part within social systems for the
adoption of innovations, typically respected by their peers and asked for advice and information. They
help non-adopters overcome concerns, hesitations and resistance, reducing uncertainties and
perceived risks regarding an innovation and thus leading to greater adoption amongst their social
networks (Rogers, 2003, p. 291). It is this premise which guides our study to investigate the social
network characteristics and communication behaviours of energy-SHT early adopters and nonadopters. Testing hypotheses informed by the literature on the expected characteristics and behaviours
for successful innovation diffusion provide insights into which traits do not conform to expectations
and therefore highlighting potential reasons as to why energy-SHTs are stuck in the early adopter niche.
Using DoI as a systematic framework, this research makes several important contributions to the
literature: i) collecting insights from actual adopters of SHTs; ii) empirically testing the applicability of
Vrain, E. and Wilson, C. (2021). “Social networks and communication behaviour underlying smart home
adoption in the UK.” Environmental Innovation and Societal Transitions 38: 82-97.

5

DoI for energy-SHTs; iii) identifying which social elements of the diffusion process are potentially
hindering adoption and iv) helping to inform strategies and identify solutions to overcome market
stagnation.

2.2 Social network characteristics
Concepts surrounding DoI and social network theory argue that individuals’ decision making does not
occur in a social vacuum, nor thoughtlessly conform to broad social norms (Granovetter, 1973). The
social network in which an individual is embedded is said to influence their attitudes, behaviour and
adoption decisions (Berg, 2009; Burt et al., 2013; Gladwell, 2009). The number of relationships (also
referred to as ties) an individual maintains is one important variable for diffusing information of an
innovation. Rogers (2003, p. 290) states that early adopters are expected to have large social networks
with whom they share information about an innovation. Granovetter (1973) suggests a higher number
of connections and interactions with people considered as acquaintances (weak ties) increases the
likelihood of new information, resources and support coming from a wider variety of contexts. This is
particularly relevant for new innovations (Valente, 1995).
In addition to the number of ties, another network characteristic considered to have an impact on
diffusion is homophily, the tendency for individuals to associate and bond with similar others, sharing
common characteristics such as beliefs, values, interests and education (Valente, 2010). Psychology
studies reveal we are more likely to communicate information amongst homophilous groups of people
rather than diverse - heterophilous - groups (Rogers, 2003, p. 341). Therefore, one of the most
pervasive effects of homophily is that it can cause social networks to become highly clustered. Strong
homophily-driven clustering can hinder communication, learning and information diffusion across a
social system, leading to knowledge and behaviours becoming trapped in social spaces (Muller and
Peres, 2019). For efforts to reduce energy demand or improve environmental sustainability, clustering
of knowledge and behaviour, trapping sustainable behaviours in niches, is of particular concern (Barnes
et al., 2016). In order to aid innovation diffusion, the optimal social network characteristics for an early
adopter are to be: 1) socially accessible through a high number of weak ties; 2) heterophilious and 3)
non-clustered (Choi et al., 2010; Parry et al., 2012; Peres, 2014; Rogers, 2003, p. 362). Such social
network characteristics fundamentally impact the dynamical (i.e. communication) processes within it
(Borgatti et al., 2014), thus, highlighting the importance of collecting contextual data alongside more
specific data on adopters’ communication channels and behaviour.

2.3 Communication channels – information sources
The adoption decision process for an innovation can be informed by a variety of different
communication channels, each playing a particular influential role (Rogers, 2003, p. 204). Mass media
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communication channels are generally rapid and more effective at informing an audience of potential
adopters about the existence of an innovation, leading to awareness-knowledge. Specialist media is
considered to provide the detailed know-how information (Valente, 2010), whereas, communication
amongst social networks, otherwise known as interpersonal channels, are more likely to impact upon
decisions through persuasion (Palm, 2017; Rogers, 2003, p. 205).
During the early stages of an innovation’s diffusion, a small percentage of the population will be
adopters or even be aware of it at all. Hence, innovators and early adopters must rely upon mass media
and specialist media to become informed as little interpersonal knowledge exists (Rogers, 2003, p. 211).
Darby (2019)’s investigation on customers of smart technology retrofits reported an extensive list of
different specialist sources of communication needed. To help innovations spread from market niches
to the mainstream, early adopters play a vital role of sharing trusted knowledge and information to
non-adopters within their social networks. Such interpersonal communication channels (verbal or
electronic conversations) provide reassurance and reduce perceived uncertainties from first-hand
experience of an innovation (Szmigin and Piacentini, 2015).
With energy-SHTs situated inside homes, in the private domain and often out of sight, social influences
such as neighbourhood effects are less significant, rendering interpersonal communication to be vital
for diffusion (Wolske et al., 2020). Studies which have demonstrated the importance of interpersonal
communication channels through social networks for encouraging the adoption of domestic low carbon
or energy-efficient innovations are wide ranging (Bale et al., 2013; Mcmichael and Shipworth, 2013;
Southwell and Murphy, 2014) as well as digital innovations (see Dedehayir et al., 2017). With a
multitude of research discovering the importance and effectiveness of interpersonal communication
for encouraging adoption, non-adopters connected to early adopters in their social networks benefit
from receiving persuasive interpersonal information (Peres, 2014; Yamamoto, 2015).
H1 - Interpersonal communication channels are important sources of information for non-adopters of
energy-SHTs
H2 - Non-adopters of energy-SHTs are connected to early adopters for interpersonal sources of
information

2.4 Communication behaviours
2.4.1 Information seeking
Not only are the sources of information important for the diffusion of innovations, but so are the
communication behaviour characteristics of people within the social system. Consumers typically
engage in information search activities to understand how products are used and their potential
benefits. Literature suggests that finding out more about an innovation can help strengthen positive
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perceptions for potential adopters (Szmigin and Piacentini, 2015). Wilson et al. (2017)’s survey results
on SHTs were consistent with DoI expectations that potential early adopters actively seek information,
whilst potential later adopters are expected to be less aware of new technologies and less likely to
actively seek information. For those who have already made a decision to adopt, information seeking
behaviour continues in a desire to justify the decision (Russell-Rose and Tate, 2013).
H3 - Early adopters of energy-SHTs actively seek information

2.4.2 Information sharing
Opinion leadership is a term used frequently in marketing literature to describe the characteristic
of those who informally influence the attitudes or behaviours of others by means of innovation-related
conversations (Stern and Gould, 1988) and is considered to be a trait of early adopters (Dedehayir et
al., 2017). Typical characteristics of opinion leaders include being well connected, knowledgeable,
trusted, and persuasive (Gladwell, 2009). Their societal position and status mean that they are able to
reassure others that something works as intended, share experience and knowledge and reduce
perceived risks amongst non-adopters (Raj, 2018). They are considered to be critical to the success of
new innovations as they provide interpersonal, informal, and verbal advice and direction for search,
purchase and innovation use (Flynn et al., 1996).
H4 - Early adopters of energy-SHTs have a high degree of opinion leadership for energy-SHTs

To accelerate innovation diffusion, early adopters with opinion leadership traits are required to be
easily accessible and strategically positioned to reach others in a given situation (or condition) (Valente,
2010). With digitalisation, there is a growing body of literature on the importance of internet
communication through social media and website reviews (e.g. Abdallah et al., 2017). Such platforms
offer the opportunity to share experiences and knowledge with a wide audience. Early adopter
characteristics have developed since Rogers' (2003) descriptions, and an additional perspective to
assess whether someone is easily accessible is to examine their frequency and use of online social
media (Szmigin and Piacentini, 2015; Weeks et al., 2015). With SHTs being digital themselves, such an
assessment offers an insight into a highly applicable characteristic.
H5 - Early adopters of energy-SHTs are active social media users

2.4.3 Communication network
The positive communication of an innovation has the potential to lead others to adopt (Southwell and
Murphy, 2014). Two mechanisms limit or aid the self-sustaining word-of-mouth for a new technology:
density of interpersonal communications (structural characteristics) and the relevance of information
(functional characteristics) (Dattée and Birdseye, 2007).
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Firstly, the density of interpersonal communications (the number of people information is exchanged
with), is related to the well-known network theory of Granovetter's (1973) strength of weak ties.
Granovetter (1973) concludes that it is weak ties which provide the best potential sources of novel
information, and therefore the most beneficial scenario for supporting diffusion is for communication
to occur across a high density of weak ties.
H6 - Early adopters of SHTs communicate about SHTs with a high density of people
H7 - Early adopters of SHTs communicate about SHTs with a high density of weak ties

Secondly, the relevance of information exchanged bears an influence on its successes. A study by Axsen
et al. (2018) on communication around electric vehicles in Canada explains that some early adopters
might emphasise motivations that do not resonate well with certain mainstream consumers. Axsen et
al. suggest such people may be better at communicating about functional aspects (i.e., cost savings,
convenience and quality) which is where specialist media tend to be more influential anyway. In
contrast, information from early adopters about their perceptions and motivations might only be
effective with mainstream consumers in certain lifestyle groups. The ability to judge the relevance of
information shared is one which is considered to come easily to opinion leaders (Richmond, 1977),
however, if an early adopter is not an opinion leader, they may only generate information to
pragmatists who will discount its relevance, disregarding it as technology hype, and thus hindering
diffusion.
A report produced from a survey of the UK population, suggests non-adopters of SHT are aware of
SHTs, but there is a lack of knowledge regarding the technology’s capabilities, how they can help and
why they are needed (YouGov, 2018). There is a need for adopters to share information regarding the
advantages of SHTs to help improve perceptions of these emerging technologies (Hargreaves and
Wilson, 2017). Palm (2017) found that knowledge transferred through interpersonal channels was
rather basic and mainly of functional how-to information, but was nevertheless perceived as useful,
reducing uncertainties and contributing to persuade the participants to adopt an innovation.
Hargreaves et al. (2018) suggest that smart features of new technologies may result in demanding,
time-consuming learning and require forms of adaptation from householders that may limit their use.
Advice and explanations from current adopters on practical, how-to information is necessary.
H8 - Early adopters of SHTs communicate about functional aspects of SHTs (relative advantage,
complexity and compatibility)

Through reviewing the literature and relevant concepts within the theory of DoI, it is evident that early
adopters are crucial for helping non-adopters to overcome decision barriers and encourage adoption.
As market reports show energy-SHTs are stuck in a niche market, it is essential to collect data on
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adopters and non-adopters to provide insights as to whether current adopters are fulfilling their role
within the diffusion process, and if not, which elements need to be addressed to help achieve greater
rates of adoption for energy-SHTs.

3. Method
In order to tackle the research question ‘how can the adoption of energy-SHTs be encouraged through
social mechanisms?’, we compare data collected from current adopters (regarded as the early
adopters) and non-adopters of three energy-SHTs (Smart lighting, Smart heating systems and Smart
appliances) to test our hypotheses. Figure 1 below illustrates how the hypotheses and elements of
Rogers' (2003) DoI framework are linked, with the flow of information through communications
channels leading to diffusion.

Figure 1. Summary of hypotheses and elements of the DoI framework.

3.1 Instrument design
An online survey was designed in Qualtrics (www.qualtrics.com) consisting of nine sections (Table 1),
the first of which asked ‘Have you ever had … at home?’ and provided four response options: 1) yes,
currently; 2) yes, in the past; 3) no, but I’ve heard of them; and 4) no, I have never heard of them. If a
respondent stated they had never heard of it, they were not presented questions regarding that specific
energy-SHT. If someone had not heard of all three, they were exited from the survey.
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Table 1. Outline of nine topics, example questions for the online survey.
#

TOPIC

QUESTION EXAMPLE

1

Energy-SHT adoption

Have you ever had [smart lighting] at home?

2

Opinion of and propensity
towards energy-SHTs

How likely are you to have [smart lighting] within the next
year?*

3

Communication channels

How important have these sources of information been in
shaping your opinion of smart home technologies?

4

Innovation information

To what extent have you actively sought information
about smart home technologies?

5

Social network

Roughly how many close friends would you say you have?

6

Exposure to other adopters

Have any of the following people ever had smart home
technologies?

7

Communication on energySHTs

Roughly, how many people would you say you have
spoken with (in person or via phone/internet) about any of
these smart home technologies in the last 6 months?

8

Personal characteristics

How many hours do you spend on social media on a typical
weekday?

9

Socio-demographics

What is the highest level of education you have
completed?

*Non-adopters and past adopters asked

To reduce misinterpretation of the type of SHTs we were interested in, infographic representations and
descriptions were provided (Figure 2), emphasising which technologies were not included, such as
smart phones and programmable wall-mounted thermostats. As participants self-reported their
adoption status, we were unable to detect false negatives (adopters claiming to be non-adopters) but
in order to identify false positives, those who reported being adopters were then asked to provide the
name of their product.
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Figure 2. Infographic shown to participants to explain the three energy-SHTs.

For other survey topics, items were based on established precedents from the literature for constructs
of social networks (mirroring large population surveys such as the General Social Survey) and opinion
leadership (Goldsmith and De Witt, 2003), with slight modifications to fit the context of this research.
The full survey instrument is available as supplementary material in Appendix A. Many of the questions
used a five-point Likert scale, from strongly disagree to strongly agree. Care was taken to minimise
variation of wording between the questions asked of adopters and non-adopters to allow for
comparability.
Participants’ social network characteristics were collected using methods from the discipline of social
network analysis, providing empirical tools for capturing the social context in which innovations are
adopted and diffused (Kolleck, 2013). Questions asked how many close friends and other social contacts
(weak ties) the participant had, followed by a name generator (Crossley et al., 2015, p. 50) requiring
the participant to provide up to five names of close friends, along with information about them and
their relationships between each other. This methodology is used by many large population surveys
and was deemed sufficient for the purpose of this study. However, it is well documented that social
network surveys can be time consuming, and lead to cognitive burden and respondent fatigue,
especially when collecting data on relationships between friends to assess the structure of a network
(Borgatti et al., 2018; Crossley et al., 2015). To reduce such issues, an interactive and visually engaging
interface was incorporated into the survey, using a similar concept to Stark and Krosnick (2017). Taking
advantage of Qualtrics’ ability to incorporate Javascript code enabled a tailored close friend network to
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be displayed as ‘click and drag’ bubbles which could be linked together by the participant to report
friendship connections (Figure 3).
Additional questions in Topic #7 ‘Communication on energy-SHTs’ were asked of participants who
indicated they had spoken with at least one person about energy-SHTs to discover greater detail
regarding how many of those spoken to were close friends or weak ties, as well as communication topic
frequency on a five-point Likert scale from never to always.
A pilot survey was conducted, with question order and wording revised following feedback to improve
flow and comprehension of the survey.

Figure 3. Example screenshot of interactive survey question collecting friendship connections within a

participant’s social network.

3.2 Data collection
A non-representative convenience sample of 822 UK respondents were recruited online through two
distinct methods between 19th May and 2nd July 2019. To collect an over-representative sample of SHT
adopters, the first method utilised social media platforms, placing posts and adverts linking to the
online survey and offering a prize draw incentive for survey completion. Contacts from SHT industry
tradeshows and exhibits provided suggestions for webpages to administer and target SHT adopters. To
target non-adopters, the second method utilised non-probability quota sampling with Qualtrics’ opt-in
panels. Average completion time across both finalised samples was 11 minutes 23 seconds.

3.3 Data analysis
Survey results were downloaded from Qualtrics as a csv file, cleaned and quality checked. A total of 109
respondents were removed from the dataset for being speeders, straight-liners (identified and verified
by attention checking questions) or for providing nonsensical text in the open responses. Of the
remaining 713 high quality respondents, 28 were identified as false positives for their adoption status
and were therefore reallocated as non-adopters. Analyses were conducted in SPSS v25. To account for
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the two data collection methods used, an additional variable ‘recruitment’ was created to identify the
method a participant had been recruited through and then placed as a control in the analysis models.
To test hypothesis H1, a paired-samples t-test was used to determine whether there was a statistically
significant mean difference between the importance of information sources for non-adopters. The
difference scores for the importance of interpersonal communication and specialist and mass media
were normally distributed, as assessed by visual inspection of a Normal Q-Q Plot.
The remainder of the hypotheses (H2-H8) were tested using either chi-squared, Mann Whitney U tests
or independent-samples t-tests depending on the variable type (ordinal, nominal or continuous) and
whether the results met the statistical assumptions required to perform parametric analysis. Such
statistical methods allowed us to assess whether differences existed between current adopters and
non-adopters. For statistically significant results, effect sizes were calculated for the independentsamples t-tests using Hedge’s G (to account for the unequal group sizes), Cohen’s d for the pairedsamples t-test and phi for the chi squared tests (Ellis, 2012).
3.3.1 Social networks analysis
Information collected on respondents’ social networks did not require specialist software for analysis.
Microsoft Excel was used to calculate values for network density, homophily, and transitivity (also
known as clustering) (Crossley et al., 2015) before incorporating results into an SPSS dataset containing
all other survey data. Network density is simply the number of actors reported in a participant’s
network. To calculate homophily scores for each participant’s close friend network, those indicated as
household members were first excluded due to an increased likelihood of being heterophilious in age
(spanning generations) and gender (partners commonly of the opposite sex). Household income would
also be the same as the participant. Homophily scores were calculated as an EI Index (Borgatti et al.,
2009, p. 274) for age, household income and gender, ranging between -1 (perfect homophily whereby
all actors in a social network are the same), and +1 (perfect heterophily, whereby all actors are
different). Transitivity was calculated using a matrix term described in Borgatti et al. (2009, p. 156).
Higher values indicate greater clustering, in other words, close friends of a participant were also close
friends with each other.
3.3.2 Connectivity to early adopters analysis
A new variable was calculated to represent an overall level of connectivity to early adopters for
interpersonal sources of information in order to test H2 “Connectivity to early adopters”. A 2-step
cluster analysis with likelihood distance was used to group participants based on their response to six
questions regarding whether or not they knew others in their social networks who had adopted energySHTs. This method was chosen as it allows both continuous and categorical variables to be used. The
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two continuous variables were standardised before running the analysis. Results produced two distinct
clusters: ‘low connectivity’ and ‘high connectivity’ to potential interpersonal sources of information
regarding energy-SHTs, with 71.2% and 28.8% of all participants in the respective clusters. A chi-square
test for association was then conducted between adopter status (adopter, non-adopter) and
interpersonal connectivity to early adopters (low, high).
3.3.3 Opinion leadership analysis
To measure underlying constructs of opinion leadership, a well-established six-item scale was used
(Goldsmith and De Witt, 2003; Kim, 2007). The scale results from the survey had a high level of internal
consistency, as determined by a Cronbach's alpha of 0.769. Item 6, 'My opinion on them [SHTs] seems
not to count with other people’ had a low value of 0.253 for the squared multiple correlation, and the
highest rate of ‘don’t know’ responses, indicating low reliability. By removing it from the scale,
Cronbach's alpha increased to 0.809, thus increasing the level of internal consistency. Following
precedents, principle component analysis (PCA) followed by varimax orthogonal rotation was used in
SPSS to reduce the scale (Goldsmith and De Witt, 2003). The suitability of PCA was assessed prior to
analysis. Inspection of the correlation matrix showed that all variables had at least one correlation
coefficient greater than 0.3. The overall Kaiser-Meyer-Olkin (KMO) measure was 0.744 with individual
KMO measures all greater than 0.6, classifications of 'mediocre' according to Kaiser (1974). Bartlett's
test of sphericity was statistically significant (p < .001), indicating that the data was likely factorizable.
The analysis revealed two components that had eigenvalues greater than one and which explained
57.7% and 24.4% of the total variance (82.2% in total). Strong loadings were found for 'influence' items
on Component 1 and 'advice' items on Component 2, maintaining consistency with the personality
attributes the scale was designed to measure. Together, the two components were used to test our
hypothesis H4 “Opinion leadership”.
3.3.4 Social media activity analysis
Results from three questions relating to social media use (hours spent using, hours spent
communicating and total number of types) were used to create a variable termed ‘social media activity’
in order to investigate whether H5 “Social media activity” holds. To overcome issues of missing data and
uneven distribution of participants and input predictor importance, K-means clustering was used,
stating two clusters to be formed. This produced two equally split groups with greater results for
separation and cohesion. A chi-square test for association was conducted between adopter status and
social media activity.
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3.3.5 Binomial logistic regression
Characteristics tested through our hypotheses and found to be significantly different between adopters
and non-adopters helped develop a composite picture of energy-SHT adopters. Binomial logistic
regression was performed to: ascertain the effects of the various characteristics on the likelihood that
participants are adopters of energy-SHTs; control for overlapping effects; and examine which
hypotheses remain robust when all other variables are held constant. Forward conditional stepwise
selection of variables was used for each of the four blocks of variables, with each model incorporating
an additional block: i. socio-demographics, ii. social network characteristics, iii. communication
channels, iv. communication behaviours. Linearity of the continuous independent variables with
respect to the logit of the dependent variable ‘adopter status’, were confirmed via the Box-Tidwell
procedure.

4. Results
4.1 Participant characteristics
The sample of 673 participants consisted of 313 current adopters and 360 non-adopters1. Table 2
summarises the descriptive results for each variable used in the statistical analyses reported, separating
the data by adopter status.
The adopters were more likely to be 35-54 years old and had higher levels of household income than
non-adopters. Such socio-demographics correspond with findings from market research regarding
adopters of SHTs (e.g. Mintel, 2018). Other key points worth noting about the adopter sample include:
they use more new technology and apps; have a higher propensity to adopt additional energy-SHTs and
have a more positive opinion of energy-SHTs compared to the non-adopter sample (Table 2).

1

Data from 40 past-adopters was excluded from analysis, as the focus of this paper is on the role of current-

adopters in the diffusion process.
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Table 2. Descriptive results for adopters and non-adopters of energy-SHTs.
Variable
Gender

Female
Male
Age
18-34
35-54
55+
Education
No qualifications
GCSE or O-Levels
Post-secondary, non-tertiary
Undergraduate degree or higher
Household income
<=£24,999
£25,000 - 39,999
>=£40,000
Connectivity to adopters
High connectivity
Low connectivity
Social media activity
High activity
Low activity

Social network

Communication
Channels
Communication
behaviour
Communication
on energy-SHTs

Personal
Characteristics

# close friends (strong ties)
# other social contacts (weak ties)
Gender EI index
Age EI index
Household income EI index
Transitivity (network clustering)
Specialist and mass media
Interpersonal
Information seeking
Opinion leadership - influence
Opinion leadership - advice
Communication density
% of comms. with weak ties
Frequency of relative advantage
Frequency of compatibility
Frequency of complexity
Use new tech and apps
Try to save energy
Average adoption propensity
Opinion of energy-SHTs

Adopters
Frequency
112
199
111
149
51
3
39
108
156
57
76
162
122
183
191
121

Percentage
36.0
64.0
35.7
48.0
16.4
1.0
12.7
35.3
51.0
19.3
25.8
54.9
40.0
60.0
61.2
38.8

Non-adopters
Frequency Percentage
203
56.7
155
43.3
115
32.1
107
29.8
137
38.2
22
6.2
67
19.0
116
32.9
148
41.9
137
43.2
75
23.7
105
33.1
63
18.6
275
81.4
145
40.4
214
59.6

Mean
9.16
81.00
0.56
-0.14
0.12
0.41
3.25
3.38
2.51
0.48
0.20
7.66
50.63
3.07
3.06
3.31
3.88
3.90
59.33
4.17

SD
21.57
214.70
0.56
0.73
0.72
0.34
0.96
1.15
0.71
0.89
1.00
14.83
34.66
1.13
1.16
1.16
0.96
0.96
26.17
0.63

Mean
5.94
58.98
0.62
-0.04
0.26
0.35
2.61
2.89
1.47
-0.47
-0.20
2.01
45.10
2.58
2.66
2.62
2.71
3.63
35.37
3.52

SD
6.44
125.96
0.51
0.74
0.71
0.33
1.05
1.28
0.76
0.88
0.97
7.11
39.93
1.23
1.21
1.09
1.21
1.16
29.09
0.85

4.2 Social network characteristics
Overall, adopters reported larger social networks (Table 2) but no significant differences were found
between adopters’ and non-adopters’ social network density for close friends or weak ties. Results from
independent-sample t-tests revealed no significant differences between adopters’ and non-adopters’
homophily scores for age or gender. However, household incomes of close friends were significantly
more homophilious for adopters (0.12) than non-adopters (0.26), p<.05, g = 0.19 (small effect). Close
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friend social networks were also found to be significantly more clustered for adopters (0.41) than nonadopters (0.35), p<.05, g = 0.18 (small effect).

4.3 Communication channels – information sources
Results from a paired-samples t-test on the importance of information sources for shaping opinions of
energy-SHTs revealed that for non-adopters, interpersonal channels elicited a statistically significant
mean greater in importance compared to specialist and mass media, p<.001, d = 0.25 (small effect). H1
“Interpersonal” is therefore confirmed.
Chi-square test results indicated a significant association, χ2(1) = 35.70, p<.001, φ = 0.24 (small effect)
between adopter status and connectivity to early adopters. Non-adopters were 2.91 times more likely
than adopters to have low connectivity to adopters, indicating the opposite of our postulated
hypothesis H2. Our results consequently reject H2 “Connectivity to early adopters”. Of the 58 nonadopters who stated they actively seek information, 62% also stated friends, family and colleagues are
important or very important sources of information. Chi-square reveals a significant association
between the two variables, χ2 (1) = 26.3, p<0.001. Such results strengthen the argument that social
networks are important sources of information as those who are actively seeking information go to
friends. However, as our results found non-adopters to have low interpersonal connectivity to
adopters, this implies they are potentially either getting information from other non-adopters,
reinforcing their decision not to adopt, or a limited number of adopters in the social networks are not
effective at persuading them to adopt.

4.4 Communication behaviours
An independent-samples t-test found information seeking behaviour amongst adopters (2.51) was
significantly higher than non-adopters (1.47) p<0.001, g = 1.41 (large effect), confirming the hypothesis
H3 “Seek information”.
Interpretation of the adopters’ opinion leadership results show that the advice component, which
consisted of statements around whether others seek advice from them, had lower levels of agreement
than statements in the influence component (Table 2). Nevertheless, independent-sample t-tests found
significant differences between adopters and non-adopters, with adopters scoring higher for both
opinion leadership components - ‘influence’ (p<.001, g = 1.08, large effect) and ‘advice’ (p<.001, g =
0.41, small effect). Considering results for both components, H4 “Opinion leadership” was confirmed.
A chi-square test indicated a significant association between adopter status and social media activity,
χ2(1) = 28.97, p< .001, φ = 0.208 (small effect). Adopters were found to be 2.33 times more likely to
have high social media activity compared to non-adopters, thus eliciting them to be more socially
accessible and resulting in H5 ”Social media users” being confirmed.
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Responses for communication network density were shown by an independent-sample t-tests to be
significantly different between adopters and non-adopters, p<.001, g = 0.5 (medium effect), with
averages of 7.66 people and 2.01 people being spoken to respectively. This result confirms our H6
“Communicate density”. When interpreting these results, it is worth noting that a high percentage of
respondents had not spoken to anyone about SHTs over the last six months, including two-thirds of
non-adopters and over a fifth of adopters.
Results on communication with weak ties were represented as a percentage of the total number of
people spoken to. An independent t-test found no significant difference between adopters’ and nonadopters’ weak tie communication densities, leading to the rejection of H7 “Communicate weak ties”.
Overall, non-adopters did speak to slightly less weak ties, going more to strong ties to talk about energySHT.
Regarding the conversation topics investigated, adopters spoke most frequently about SHTs’ ease of
use, whilst non-adopters reported speaking most frequently about how compatible SHTs are with daily
life (complexity and compatibility respectively in Table 2). Independent t-tests showed that adopters
significantly communicate more frequently than non-adopters on all three functional aspects of SHTs
(relative advantage p<.001, compatibility p<.005, complexity p<.001), confirming H8 “Communicate
functional”.
Participants were provided an opportunity to offer further detail about their conversation topics, with
73 participants completing the open-ended question (45 adopters and 28 non-adopters). Responses
predominantly consisted of comments about private functional attributes, with general know-how
information such as controllability, ease of set up and use being most frequently stated by non-adopters
e.g. “A lot of the conversations have been about… whether they make your life easier. Some … seem to
complicate life if they are not used or explained properly”. Whilst adopters regularly mentioned value
for money - “I've had many conversations with close friends…if they are worth the money or just a fad”.
Of all the comments, less than a fifth were negative (18%).
Table 3 below summarises which hypotheses were confirmed by our survey results.
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Table 3. Summary of analysis for communication channels and behaviour.
Hypothesis

Hypothesis label

Test result

H1 Interpersonal communication channels are important
sources of information for non-adopters of energy-SHTs

Interpersonal

Confirmed

H2 Non-adopters of energy-SHTs are connected to early
adopters for interpersonal sources of information

Connectivity to adopters

Rejected

H3 Early adopters of energy-SHTs actively seek information

Seek information

Confirmed

H4 Early adopters of energy-SHTs have a high degree of opinion
leadership for energy-SHTs

Opinion leadership

Confirmed

H5 Early adopters of energy-SHTs are active social media users

Social media activity

Confirmed

H6 Early adopters of energy-SHTs communicate about energySHTs with a high density of people

Communicate density

Confirmed

H7 Early adopters of energy-SHTs communicate about energySHTs with a high density of weak ties

Communicate weak ties

Rejected

H8 Early adopters of SHTs communicate about functional aspects
of SHTs (relative advantage, complexity and compatibility)

Communicate functional

Confirmed

4.5 Distinctive adopter characteristics
Binomial logistic regression models were used to test the effects of different variables on the likelihood
that participants are an adopter of energy-SHTs. Exp(B) values in the models show the odds ratios,
which explain how a specific variable increases or decreases the likeliness of being an early adopter.
Moreover, the pseudo R2 values account for the variance of being an early adopter versus being a nonadopter. The higher the pseudo R2, the more variability explained, and the better the model.
Model 1 considered socio-demographics and recruitment method variables, removing education and
the recruitment variable which were not significant to p<0.05. Model 1 correctly predicted 65.8% of
cases. Model 2 included the significant variables from Model 1 and analysed the two significantly
different social network variables within the adopter and non-adopter categories identified in Section
4.2. Neither homophily wealth nor network clustering were retained in the model. Model 3 continues
building on the previous two models, considering the communication channel variables. Only the
variable ‘connectivity to adopters’ was added, with the model predicting 68.9% of cases. Model 4 then
incorporated the final block of significant communication behaviour variables from Section 4.3. All but
‘social media activity’ were retained. Model 4 explains 53.4% (pseudo R2) of the variance in adopter
status and correctly classifies 79.5% of cases (Table 4). Communication behaviour variables were found
to be more significant than other blocks of variables, with information seeking behaviour being the
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strongest significant predictor of adoption status controlling for the effect of other variables. The
significant variables in Model 4 all conform to DoI expectations regarding early adopter characteristics.
Of the variables found to not coincide with expectations (Table 3), ‘connectivity to adopters’ was the
only one to be a significant predictor of adoption status in Model 3 – when controlling for
sociodemographic, social network and communication channel variables.
Table 4. Binary logistic regression model results.
Model 1
Exp(B) p-value
.471 .001*
.001*
2.649 .001*
2.839 .001*
.001*
.268 .001*
.866 .562

Variables
Gender
Age 18-34
Age 35-54
Age 55+
H. income <= £24,999
H. income £25,000 - £39,999
H. income £>=40,000
Educationa
Recruitmenta
EI wealtha
Clusteringa
Specialist and massa
Interpersonala
Connectivity to adopters
Seek information
Opinion leadership – influence
Opinion leadership – advice
Communication density
Social media activitya
Pseudo R2
0.198
aVariables

*p<.01

Model 2
Exp(B) p-value
.471 .001*
.001*
2.649 .001*
2.839 .001*
.001*
.268 .001*
.866 .562

0.198

Model 3
Exp(B) p-value
0.466 .001*
.001*
2.328 .002*
2.659 .001*
.001*
.312 .001*
.968 .899

Model 4
Exp(B) p-value
.741 .237
.399
.805 .531
1.203 .587
.020
.497 .024*
1.177 .594

.424

.823
2.186
1.767
1.389
1.101

0.230

.001*

.530
.001*
.001*
.024
.006*

0.534

omitted

5. Discussion
Our empirical study of energy-SHTs adopters and non-adopters found that the social networks of
adopters were more clustered with greater homophilious wealth. Adopters not only actively seek
information and construct their opinion of energy-SHTs from a range of sources, they also self-reported
as being opinion leaders and influencing others. They expressed greater positivity and propensity
towards further adoption and were more active on social media compared to non-adopters. Overall,
adopters communicated about energy-SHTs with more people than non-adopters, but not especially
more weak ties. Non-adopters on the other hand, were found not to be information seekers and shaped
their opinions on energy-SHTs from interpersonal sources of information. However, their social
networks contained few adopters, reducing their exposure to first-hand experience and knowledge.
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5.1 Implications from the diffusion of innovations theory
A core element of DoI focusses on social influence and social network processes (Rogers, 2003; Rogers
et al., 2005). However, despite this, such elements are often missing from many studies of diffusion (for
example in economics and psychology research which place greater focus on innovation attributes and
adopter characteristics). Furthermore, the majority of DoI’s theorising was conducted in the preinternet era, and therefore the drastic changes occurring with digitalisation shifting how information is
spreading amongst social networks are not included in such original works.
Through empirically testing hypotheses derived from the literature, our results show that DoI still holds
for early adopters of energy-SHTs. The binary logistic regression models established from our significant
results (Table 4) highlight the importance of communication channels and behaviours with such
variables being the strongest predictors of adoption status. The two hypotheses rejected by our results
(Table 3) identify which elements of the theory do not conform to expectations, providing insights into
potential barriers in the diffusion process. In other words, empirically discovering social factors
potentially inhibiting the spread of information and contributing to the theoretical ‘chasm’ (Moore,
2014) for energy-SHTs.
This paper not only highlights the use of social network analysis methods for the identification of
potential ‘chasmic’ barriers to diffusion for energy-SHT market, our results also expand beyond the SHT
domain, providing insights for broader sets of low carbon consumer technologies struggling to
overcome the chasm. A meta-analysis of 130 environmental innovations by Clausen and Fichter (2019)
revealed groupings based on similarities of characteristics and diffusion (or lack of). The research
presented in this paper complements such work by identifying social barriers which are theoretically
relevant to particular subsets of innovations with similar attributes, early adopter characteristics and
social communication salience i.e., those with strong digital characteristics particularly in the home.
The strategies presented in Section 5.2 target the barriers identified by our results and are relevant for
other innovations suffering from similar obstacles.

5.2 Encouraging adoption into the mass market
To help encourage the adoption of energy-SHTs in support of climate change and other energy system
benefits, targeted strategies can be derived from theoretical discussions of transition dynamics and a
range of social network interventions to tackle the two identified barriers: 1) adopters not substantially
spreading messages beyond their own wealthy clustered close social networks, thus restricting
diffusion and limiting the seeding of information amongst weak ties, and 2) non-adopters having low
connectivity to adopters resulting in their requirement for interpersonal information not being met
through their social networks.
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Acknowledging that a multitude of meso-level actors and processes provide crucial roles in sustainable
transitions , in our work, we focus on the meso-level layer of early adopters and their social networks2.
Important functions provided by intermediaries include information gathering and dissemination, fostering
networking and partnerships, and technical consulting (Kanda et al., 2018; Kivimaa et al., 2019), we make
the analogy that early adopters have the capability to fulfil similar intermediary roles through various
interventions.

5.2.1 Strategies to encourage adopters to share information with weak ties
Social network interventions have most widely been used to tackle health-related issues (Hunter et al.,
2017; Valente, 2012), but have gained momentum in marketing campaigns to spread trusted messages
about specific products (Gladwell, 2009; John et al., 2017). In the domain of digital home innovations
many on-line forums exist for sharing technological know-how but are often only frequented by
adopters. Such virtual communities provide information (not available from other market actors) about
the workings of the technology (Hyysalo et al., 2018), building and developing knowledge from a wide
variety of participants, creating a community across geographical boundaries and contextualising
innovations in a local environment for many (Meelen et al., 2019). Despite delivering such intermediary
functions, in order to upscale to the mass market, adopters need to communicate and spread less
technical information externally to other platforms with wider audiences.
To catalyse and facilitate the mobilisation of adopters to share information with non-adopters in their
social networks, the industry could identify online opinion leaders (reviewed by Wang, 2017), for
example Instagram influencers (Casaló et al., 2018), taking advantage of adopters’ high social media
activity. With the internet providing endless sources of information, consumers increasingly rely upon
practical shortcuts and recommendation mechanisms to make decisions (Webster, 2014). Early
adopter social media influencers act as intermediaries in consumer cultures and markets, developing
trust and credibility in and through social networks to identify reliable products (Podkalicka, 2019). For
such strategies, trust is a significant factor needing to be considered as it mediates the social influence
of a message and can vary depending on the platform used and who is interacting with who e.g. product
reviews, blogs or platforms such as Facebook (Byrum, 2019).

2

Other intermediary actors in the energy and eco-home literature include businesses and community organisations (e.g.

Bergek, 2020; Mignon and Kanda, 2018), and professionals such as energy efficiency advisers or technology installers (e.g.
Owen and Mitchell, 2015).
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5.2.2 Strategies to connect non-adopters and adopters
Non-adopters in our study reported low connectivity with adopters. This can be interpreted as either
non-adopters not having adopters in their social circles or that non-adopters are not aware that
members of their social network are indeed adopters.
To tackle the latter interpretation, traditional strategies such as Brownie Wise’s ‘Tupperware Party’
method (Clarke, 2014) could help reach non-adopters and provide visual, interactive learning within
friendship groups. Pettifor et al. (2015) found information alone to be insufficient for encouraging
homeowners to make major renovations, therefore providing opportunities to demonstrate and
provide hands-on experience through such ‘Party’ concepts, could be more effective for some nonadopters. Such demonstrations could also provide an opportunity to increase awareness for improved
energy management as actual energy benefits of SHTs depends not only on whether consumers know
about, and care about the energy benefits, but also how they use their products (Sanguinetti et al.,
2018).
To connect adopters with non-adopters from outside their social networks, the concept of ‘eco open
homes’ could be used to perform a more formal intermediary role, providing a space for showcasing
and disseminating learning, as well as networking at the community level (Kivimaa et al., 2019;
Martiskainen and Kivimaa, 2018). Such meso level networks comprise of homeowners with a range of
low carbon innovations, from energy efficiency improvements to electricity generation (Energy Saving
Trust, 2019), however rarely include adopters of energy-SHTs. This presents an opportunity to expand
upon such concepts, benefiting from the multiple functions formal intermediaries can play in the
diffusion of energy-SHT and thus transition to sustainable homes.
For the above initiatives to be successful, interest is still required from non-adopters for effective
engagement. Sanguinetti et al. (2018)’s research on adoption barriers to home energy management
systems showed that unique demographic and psychographic profiles exist amongst consumers at
different stages of the adoption decision process, suggesting certain strategies should consider
adaptations and further targeting to specific consumer groups.
In general, our results revealed positive opinions towards energy-SHTs amongst UK non-adopters, but
low adoption propensity and low information seeking behaviour. Encouraging conversations around
the additional beneficial attributes energy-SHTs bring to users that are less widely known, could help
expand interest. With the current phenomenon occurring amongst members of society making
behavioural changes for climate change motives (Söderberg and Wormbs, 2019), such growing trends
amongst certain consumer groups indicate that attention on attributes of environmental benefits could
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be positively linked to SHT uptake and help to engage additional audiences outside the realm of the
technophiles.

5.3. Further research
The research presented in this paper focusses on the role of social elements within a system and the
communication behaviours of individuals. Yet, DoI theory includes other aspects which facilitate or
impede an innovation’s rate of diffusion. Innovation attributes, contextual and situational factors,
external influences such as government policy and the market, all have the potential to impact diffusion
(Rogers, 2003). As our findings on communication behaviour and individuals’ social contexts interrelate with these additional aspects, it is essential to situate these findings alongside other models
which focus on other individualistic elements such as attributes and adopter characteristics (e.g.
Whittle et al., 2020), followed by the consideration of wider contextual models (e.g. Grubler et al.,
2018) to build a holistic theoretical framing. By linking our findings with various other models and
theories will help enable the integration of the complex elements needing to be considered for a
sustainable transition e.g. society, technology, the economy and the environment (Hirt et al., 2020).
Building upon the research presented here, a wealth of opportunities exist to apply social network
theories and methodologies to gain further insights into diffusion processes of low carbon innovations.
We recommend qualitative interviews to be conducted with adopters to collect data on wider social
network structure and characteristics, investigating whether traits such as clustering and homophily
wealth found in this study’s sample are indeed characteristics in personal whole networks and thus
contributing to the current delay in diffusion. Interviews can also provide the opportunity to gather
finer details on communication behaviour, including information exchanged or withheld, with who and
in what structural context (e.g. online, coffee lounge at work, at the bus stop). Additional research
would greatly benefit from a longitudinal approach, gaining further insights through mapping changes
over time amongst the adopter and non-adopter sample, in order to make comparisons with Roger’s
suggestions for accelerating adoption, that are scientifically valuable.

6. Conclusion
A wide range of factors influence the success or failure of an innovation, with scholars advocating the
key role social networks play in diffusion. With the urgent need to radically transform domestic energy
use - reducing demand and increasing efficiency - new digital technologies provide an opportunity to
enable a smarter and more flexible system. Using DoI as a framework, this research investigated the
social networks and communication channels and behaviours of both adopters and non-adopters of
energy-SHTs, to discover which social mechanisms are required to encourage uptake in the mainstream
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market. Results identified the characteristics of early adopters which do not conform to DoI
expectations, suggesting potential barriers to the diffusion process. We highlight the need to focus
strategies on increasing non-adopters’ exposure to interpersonal channels of communication and to
encourage early adopters to spread information regarding energy-SHTs beyond their close friendship
groups.
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