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A B S T R A C T   

To mitigate climate change in an accelerated time frame, more research is needed to understand how to achieve 
effective large-scale diffusion of low-carbon innovations. The conceptualization of sectoral socio-technical sys
tem transitions requires extending beyond an economic and technological focus, towards a wider system view 
that combines societal, behavioural, and institutional elements alongside the natural environments and in
frastructures. Any socio-technical system reconfiguration will be shaped by the diffusion of multiple innovations. 
This study employs a novel empirical and quantitative framework that integrates considerations of system actors, 
behaviours, innovations, and infrastructure simultaneously. Based on a review of socio-technical literature, the 
framework scores demand-side, low-carbon innovations on a scale from regime reinforcing to disruptive across 
the dimensions of decarbonization, democratisation and decentralisation. It also scores the innovations ac
cording to the policy (economic, regulatory, informational) and legitimacy (actors, discourse) factors that sup
port or inhibit their diffusion. This allows for the investigation of the relationship between the diffusion of 
innovations and socio-technical energy system change, including whether a relationship exists, its strength, and 
direction. In analysing 80 innovations that diffused to the demand-side between 1998-2018 in Ontario, Canada, 
diffusion is found to be negatively correlated with system disruption and decarbonization. Although economic 
supports tend to be a focus of mainstream policymaking, this study found that economic instruments, legitimacy 
through discourse, and combined policy and legitimacy supports are important to the systemic diffusion of 
demand-side low-carbon innovations.   

1. Introduction 

The 2022 IPCC Working Group 3 report on climate change mitigation 
reaffirms the world must reduce greenhouse gas (GHG) emissions sub
stantially for which rapidly decarbonizing the global energy supply and 
addressing energy demand is critical to this endeavour [1]. The 
involvement of the demand-side of the energy system – a broad range of 
energy users, that includes households, organisations and industry – is 
critical to reaching ambitious carbon reduction goals. Demand-side 
low-carbon innovations are products or services targeted at reducing 
carbon emissions from demand side response (flexibility), demand 
reduction and distributed energy (localised energy production) [7]. This 
can include new, or significantly improved, products, processes, mar
keting methods, organisational structures and institutional arrange
ments, which can alter behaviour and consumption patterns and result 

in lower carbon emissions compared to established technologies [8,9]. 
Diffusion is the process through which market-ready innovations are 
communicated through societal channels over time, gaining increasing 
market share through widespread adoption and continued use [2]. 
Extensive analysis demonstrates that the rapid diffusion of demand-side 
low-carbon innovations is a key strategy for decarbonizing energy sys
tems to maintain average global temperature rise at or below 1.5◦C 
[3–6]. 

In fact, many of the low-cost and commercially viable low-carbon 
innovations required to meet global mitigation targets already exist 
[10], yet demonstrate slow rates of diffusion [11], including on the 
demand-side [12]. Research has found that innovations with an envi
ronmental focus tend to experience slow rates of diffusion [8,12–14]. 
Only one third of environmental product and service innovations ach
ieve over 15% of market share, due to lack of attention and investment 
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from both public and private sectors [15]. For example, among 38 
technologies that are market ready and fundamental to achieving a 2◦C 
target, only four – solar PV, energy efficient lighting, data centres and 
networks, and electric vehicles – are sufficiently penetrating markets 
[11]. 

There are long-standing arguments that the broader challenge to 
decarbonization is disrupting the systemic lock-in of path dependent, 
carbon intensive energy systems [16–18] which requires understanding 
the energy system as a socio-technical system and involving energy users 
in the transition to alternative low-carbon innovations [19]. Even 
among more conservative projections, decarbonization strategies 
employ exponential increases in renewable energy [20], whose infra
structure is inherently more physically decentralised [21–24]. Within 
this, there are also arguments that dramatic diffusion of renewable en
ergy to replace fossil fuels requires political decentralisation, or demo
cratisation, of energy production [25–27]. 

Deep changes to energy demand and the dramatic increase of 
renewable energy are both associated with the implementation of 
clusters of innovations. For example, deep energy retrofits that reduce 
building energy use by up to 80% require the upgrade of the building 
envelope as well as upgrades to mechanical systems, often simulta
neously [28]. Increasing reliability of renewable energy, that has the 
greatest potential across landscapes, is strongly associated with clus
tering types of renewable energy, alongside flexibility (demand 
response, prosumership, storage), coupled with the innovation of bidi
rectional electricity flows [29–31]. 

Therefore, the diffusion of a range of low-carbon innovations is 
deeply connected to unlocking the path dependence of energy systems in 
the form of decarbonization, physical decentralisation and democrat
isation. Low-carbon innovations can influence the socio-technical sys
tem in different ways; they can be disruptive, incremental or reinforce 
socio-technical regimes [32,33]  

• Disruptive innovations incorporate new features, which disrupt the 
existing technological paradigm and lead to broader system change, 
including the emergence of new actors in low-carbon energy pro
duction and supply, regulatory interventions, and the introduction of 
new social values and political beliefs [9,32,34,35].  

• Incremental innovations are improvements to products and/or 
services within or outside an existing technological paradigm [9,32], 
offering improved cost-benefits to consumers for products or services 
in already established markets [32].  

• Regime reinforcing innovations are path-dependent and work to 
stabilise the incumbent socio-technical system [33,36]. 

Any socio-technical system reconfiguration will be shaped by the 
diffusion of multiple, not singular innovations. Diffusion research 
should, therefore, focus on a range of innovations [15,37] and energy 
transitions research should focus on the diffusion of disruptive, rather 
than incremental or regime reinforcing innovations [19]. 

Socio-technical system transitions are shaped by a complex set of 
policies, regulations, legislation, markets, societal behaviour, values, 
and individual actors [38,39]; understanding how these transitions 
materialise is a major challenge to interdisciplinary and socio-technical 
systems research [40]. The diffusion of low-carbon innovations is known 
to be affected by a range of factors [14,35]. The conceptualization of 
sectoral socio-technical systems requires going beyond an economic and 
technological focus, towards a wider system view that combines socie
tal, behavioural, and institutional elements alongside the natural envi
ronments and infrastructures [40]. More research is needed to 
understand what kind of institutional frameworks and governance tools 
are required to achieve effective large-scale diffusion at a stage when 
technologies are commercially available and new demand-side actors 
become involved [41]. 

However, there are a range of limitations and areas where contri
butions can be made in research about the diffusion of low-carbon 

innovations and their relationship to socio-technical energy system 
change. For example, diffusion research has tended to focus on a single 
sector, or single technology case study, and on a small scope of factors 
that influence innovation diffusion [15]. Analysing the characteristics of 
a single innovation independently limits the potential insights and the 
applicability of the research findings in other contexts [15]. Further
more, energy modelling studies are criticised for having a limited rep
resentation of socio-political considerations and system actors, limiting 
the ability to appropriately analyse socio-technical system change [40]. 
Transition frameworks, premised on sustainability transition theories, 
that account for system actors and socio-technical system change are 
considered complementary to energy modelling studies. However, sus
tainability transition theories that attempt to explain socio-technical 
system change tend to take a sectoral focus, for example, focusing on 
energy supply, buildings, and transport sectors separately [40], even 
though all these sectors impact energy system changes. Socio-technical 
energy transition’ (STET) models attempt to capture the variety of fac
tors covered in socio-technical transitions theory quantitatively “where 
formal quantitative energy models are developed that also capture the 
elements of socio-technical transitions, including societal actors and the 
co-evolutionary nature of policy, technology and behaviour." [40]. In a 
review of STET models, Li et al. [40] point out that because transition 
frameworks are often conceptual, it is difficult to operationalize the 
complex elements of transitions in quantitative analysis to meet the 
needs of policy development and decision making without over simpli
fying [40]. Therefore, there are substantial gaps in research and 
knowledge surrounding how quickly multiple low-carbon innovations 
can be diffused to the demand-side in an accelerated time frame, as well 
as their potential to influence disruptive, incremental or 
regime-reinforcing socio-technical system change. 

Three critical questions around the role of energy users and demand- 
side low-carbon innovations include:  

• How do we classify and evaluate innovations that are diffusing into 
markets, in terms of their potential to contribute to energy system 
change?  

• What is the relationship between the disruptive potential of an 
innovation and diffusion? And,  

• To what extent do policies and legitimation support or inhibit the 
diffusion of low-carbon innovations? 

In the context of an urgent timeframe to address climate disruption 
[42], the objective of this study is to provide a better understanding of 
how to accelerate the diffusion of demand-side low-carbon innovations 
that influence socio-technical energy system change. The contribution of 
this study is in the research application of an energy system-wide 
analysis that offers a better understanding of how to achieve effective 
large-scale diffusion, and whether the innovations that are being 
diffused are reinforcing or disruptive to the socio-technical regime. This 
study addresses these dimensions by formulating a transition frame
work, based in socio-technical transition theory literature, that is both 
empirical and quantitative and integrates considerations of system ac
tors, behaviours, innovations and infrastructure simultaneously. As 
such, this study, while contributing a framework rather than an energy 
model, contributes to the emerging literature on STET models [40]. 
Many STET models concentrate on “representing one type of actor, 
typically generic consumers, rather than a broader spectrum of actors” 
[40]. 

2. Materials and methods 

The contribution of this study is in the development of what Li et al. 
[40] consider to be a STET framework, which can be incorporated into 
future models and offers a better understanding of the nuances of the 
role of diffusion of innovations in socio-technical energy system change. 
While this framework does not explore economic trade-offs or measure 
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price/costs (transition feasibility) typically offered by STET models, it 
does consider how economic instruments (subsidies, loans, grants, etc.) 
influence innovation diffusion and it can be linked to other models to 
extend the overall analysis boundaries using the “landscape of models” 
approach [40,43]. 

To understand how to encourage the diffusion of innovations that 
accelerate energy system change, this methodology relies on two key 
components: a literature review of evidence and factors that inhibit or 
encourage the diffusion of low-carbon innovations; and, the use of 
Kendall’s tau-b correlation coefficient, a correlation statistic that can 
provide information about the strength and direction of the relationship 
between two variables, allowing the results to be assessed for signifi
cance and strength. While correlations do not allow empirical claims 
about the causation of diffusion for each explanatory variable examined, 
the extensive supporting evidence based in peer-reviewed literature 
supports any inferences made about the direction of attribution. 

Researchers in Germany have undertaken a comprehensive and 
detailed cross-sector analysis of the drivers and barriers to the diffusion 
of environmental product and service innovations, identifying six fields 
of influence: product-; adopter-; supplier-; sector-; government-; and 
path-related factors, which are relevant (though not all statistically 
significant) to the diffusion of these innovations using both literature 
review of causal factors and Kendall’s Tau-b correlations [15,44,45]. 
This paper uses a similar methodology to explore the diffusion of in
novations and system change. 

2.1. Framework and variables 

The framework presented in this study is based on an extensive 
literature review of socio-technical transition theories to identify factors 
that encourage or inhibit the diffusion of innovations that might be 
regime reinforcing, incremental or disruptive (more details and back
ground information provided in the Theory section). As such, it ad
dresses the clear gaps in the literature by incorporating socio-political 
and institutional elements, such as a broad spectrum of actors (from 
energy users to regime actors and networks), legitimacy, and policy 
instruments, thereby quantifying the impact these factors have on both 
innovations and socio-technical system change. This is done by 
measuring the elements that relate to the demand-side and socio- 
technical energy system change: 

1 Innovation impact on system change: the framework scores in
novations according to their characteristics of disruption – whether 
they have potential to be regime reinforcing, incremental or 
disruptive. The three dimensions of disruption are decarbonization, 
decentralisation and democratisation. A scale of -2 to + 2 was 
employed for each score to represent the range from system rein
forcing to incremental to disruptive. A composite disruption score as 
defined in Table 1 is the aggregation of scores of decarbonization, 
decentralisation and democratisation. The composite disruption 
score measures the disruption dimensions as a whole.  

2 Policy influence on diffusion: the framework scores innovations 
according to the presence of policies from within and across regimes 
that support or impede their diffusion. The three types of policy in
struments measured are economic, regulatory, and knowledge cre
ation and diffusion. A scale of -2 to + 2 was employed for each score 
to represent the range of support from inhibiting to strongly sup
porting an innovation’s diffusion. 

3 Legitimacy influence on diffusion: the framework scores in
novations according to the presence of system actors/networks 
within and across regimes that support or impede their diffusion. The 
types of legitimacy measured were support from system actors/net
works and discourse framing. A scale of -2 to + 2 was employed for 
each score to represent the range of support from inhibiting to 
strongly supporting an innovation’s diffusion.  

4 Composite policy and legitimacy support: the framework scores 
the aggregation of scores of the three policy instruments and two 
legitimacy supports, as defined in Table 1, which measures the 
combined institutional and legitimacy influence on diffusion as a 
whole.  

5 Diffusion to demand-side actors: Drawn from Clausen and Fichter 
[15], this variable measures an innovation’s dissemination rate 
among potential users (reference market). [15] 

Dissemination Rate =
Uptake of the innovations

Population size of the reference market   

All variables are defined in Table 1. The scores for each variable are 
described in detail in Table 2. The scores were developed as a frame
work; the method of development is outlined in detail in a Methods X 
paper [37]. 

2.2. Sample and context 

The methodology for sampling, variable and scale development, 
interrater reliability for data coding, and measurement of dissemination 
rates are described in detail in the Methods X article provided as sup
plementary materials [37], which also provides the full list of in
novations. A summary of the Methodology of this study is provided in 
Fig. 1. 

A sample of 131 low-carbon innovations that were offered to energy 
users in the Province of Ontario, Canada, between 1998 and 2018 was 
analysed. It is now understood that multi-level policy mixes influence 
the diffusion of low-carbon innovations [46]. To identify the relevant 
policies in a particular context requires the identification of the relevant 
policy regimes (domains) that contain the institutions, actors and net
works [e.g., 46]. For this reason, the sample of innovations was derived 
through a combination of desk research, surveys of experts and infor
mation from the providers of the innovations themselves– e.g., 

Table 1 
Definition of variables.  

Variables Definition 

Decarbonization The potential for an innovation to contribute to 
energy system decarbonization, as an indicator 
of the innovation’s potential to disrupt the fossil 
fuel regime. 

Decentralisation The potential for an innovation to contribute to 
infrastructure decentralisation, disrupting the 
established centralised energy regime. 

Democratisation The potential for an innovation to contribute to 
citizens and/or communities gaining an 
increasing share of control and/or ownership of 
the energy system, disrupting incumbent 
ownership and control. 

Policy for scale-up - economic 
instruments 

The degree to which economic instruments are 
used to support or inhibit the scale-up of an 
innovation. 

Policy for scale-up - regulations The degree to which regulatory instruments are 
used to support or inhibit the scale-up of an 
innovation. 

Policy for scale-up - knowledge 
creation and diffusion 

The degree to which knowledge creation and 
diffusion instruments are used to support or 
inhibit the scale-up of an innovation. 

Legitimacy through discourse The degree to which discourse supports or 
inhibits the scale-up of an innovation. 

Legitimacy through actors The degree to which actors and networks support 
or inhibit the scale-up of an innovation. 

Composite disruption score The aggregation of scores of decarbonization, 
decentralisation and democratisation for each 
innovation. 

Composite policy and legitimacy 
support score 

The aggregation of scores of three policy 
instruments and two legitimacy supports for 
each innovation.  
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Table 2 
Scoring and Innovation’s Potential to Contribute to System Change [adapted from 37].   

System Reinforcing  Incremental Change Disruptive Change 

Variable/ Score -2 -1 0 þ1 þ2 

Decarbonization 
potential 

Strongly reinforces the fossil 
fuel regime and strengthens 
path-dependencies: creates 
new demand for fossil fuels; 
fuel switch from lower to 
higher intensity carbon. 

Slightly reinforces the fossil 
fuel regime and strengthens 
path dependencies: fuel 
switch from higher intensity 
to lower intensity carbon; 
increase efficiency of fossil 
fuel use. 

No / unknown 
effect on the fossil 
fuel regime. 

Incremental system change 
towards decarbonization: 
decrease in fossil fuel use; 
efficiency improvement 
relevant to both fossil fuels and 
renewable energy. 

System disruption towards 
decarbonization. Fuel switch 
away from or removal of fossil 
fuel; contributes to system 
building of renewable/ non 
carbon energy. 

Decentralisation 
potential 

Strongly reinforces 
centralised grid. E.g., Build 
new connections for energy 
users to the centralised grid. 

Slightly reinforces 
centralised grid. Eg., Switch 
particular use to a more 
centralised option. 

No / unknown 
effect on the grid. 

Incremental system change 
towards decentralisation: 
switch use to off-grid or single 
actor grid. 

System disruption potentially 
leading to system 
decentralisation: switch use off 
main grid to multi-actor grid or 
increased flexibility. 

Democratisation 
potential 

Incumbent gains all or nearly 
all control and/or a 
controlling share of 
ownership. Examples of near 
monopolies and oligopolies 
for incumbents, as seen in 
multinationals 

Incumbent gains more 
control and/or gains an 
increased share of 
ownership. E.g. renting solar 
power from incumbent 
(incumbent gaining market 
share) 

No / unknown 
change in 
ownership and/ or 
control. 

Individuals and/or 
communities gain more control 
and/or increased share of 
ownership. E.g. Municipal 
Energy Plan (community 
provides input)  

Individuals and/or 
communities gain all or nearly 
all control and/or a controlling 
share of ownership. E.g. 
cooperative ownership of 
renewable energy  

Policy for innovation 
scale-up: 
Economic 
instruments 

Strongly weaken support for 
scale-up through removal of 
technology-specific 
economic instruments that 
influence diffusion; or 
presence of policies that 
strongly contradict scale-up. 

Slightly weaken support for 
scale-up through removal of 
general economic 
instruments that influence 
diffusion; or presence 
policies that slightly 
contradict scale-up. 

No / unknown 
effect on scale-up. 

Slightly support scale-up 
through implementation of 
general economic instruments 
that influence diffusion. E.g., 
economic support for specific 
industry, such as tax 
exemptions, cap and trade and 
feed-in tariffs 

Strongly support scale-up 
through implementation of 
technology-specific economic 
instruments that influence 
diffusion. E.g., economic 
support for specific technology, 
such as deployment subsidies 
and low-interest loans 

Policy for innovation 
scale-up: 
Regulatory 
instruments 

Strongly weaken support for 
scale-up through removal of 
technology-specific 
regulations that influence 
diffusion; or policies that 
strongly contradict scale-up. 

Slightly weaken support for 
scale-up through removal of 
general regulations that 
influence diffusion; or 
policies that slightly 
contradict scale-up. 

No / unknown 
effect on scale-up. 

Slightly support scale-up 
through general regulations 
that influence diffusion. e.g., 
general support for specific, 
industry, broad target or 
commitment for particular 
sector mentioned in long-term 
energy plan or climate change 
plan, setting performance 
standards (an absolute upper 
emission level) 

Strongly support scale-up 
through technology-specific 
regulations that influence 
diffusion. E.g., higher design 
standards (a particular 
technology’s usage) and 
mandatory requirements for 
specific technology 

Policy for innovation 
scale-up: 
Knowledge 
Creation and 
Diffusion 

Strongly weaken support for 
scale-up through removal of 
policies that strengthen 
networks and create and 
diffuse knowledge. 

Slightly weaken support for 
scale-up through removal of 
policies that create and 
diffuse knowledge at the 
niche-level. 

No/ unknown 
impact on scale-up. 

Slightly support scale-up 
through policies that create and 
diffuse knowledge at the niche- 
level. E.g, educational policies, 
educational campaigns, 
training schemes, labour- 
market policies, secondment of 
expertise and workshops that 
provide niche-level support to 
knowledge diffusion 

Strongly support scale-up 
through policies that establish 
new networks and create and 
diffuse knowledge. E.g., 
Policies that improve supplier- 
user networks and/or industry- 
academia networks for 
knowledge diffusion, create 
innovation platform to provide 
reference guidelines for best 
available technology, support 
organisations that aim at 
connecting local user 
initiatives. 

Legitimacy through 
discourse 

Strongly weaken legitimacy 
support for scale-up through 
removal of supportive plans/ 
strategies delivered by 
system actors; or plans/ 
strategies spanning policy 
domains that strengthen the 
incumbent regime. 

Slightly weaken legitimacy 
support through weakening 
of supportive plans/ 
strategies; or plans/ 
strategies limited to a single 
policy domain that 
strengthens the incumbent 
regime. 

No/ unknown 
impact on scale-up. 

Slightly strengthen legitimacy 
support through plans/ 
strategies that create positive 
discourse framing within a 
single policy domain. 

Strengthen legitimacy support 
through plans/ strategies that 
create positive discourse 
framing across policy domains. 

Legitimacy through 
actors and 
networks 

Strong network of incumbent 
regime actors operating 
across policy domains to 
constrain the scale-up of the 
low-carbon innovation and 
preserve the incumbent 
regime. 

Presence of incumbent 
regime actors operating 
within a single policy 
domain to constrain scale- 
up. 

Silo of niche-level 
actors operating 
within a single 
policy domain 
facilitating scale- 
up. Impact 
negligible. 

Presence of intermediaries 
without presence of regime- 
level actors operating across 
policy domains facilitating 
scale-up. This includes regime- 
level actors within a single 
policy domain or niche-level 
actors operating across policy 
domains. 

Strong network of regime-level 
actors and intermediaries 
operating across policy 
domains facilitating scale-up.  
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governments, utilities, not-for-profits, businesses– across the dominant 
regimes that influence the diffusion of low-carbon innovations within 
Ontario’s energy system. Examples of the innovations that were iden
tified are outlined in Table 3, and a full list of innovations, descriptions 
and their users, is provided in supplementary materials. 

The energy system of the Province of Ontario was selected due to 
proximity to the researchers as well as their deep existing knowledge of 
climate change and demand-side energy policy in Ontario. Between 
2003 and 2018, the Province of Ontario pursued numerous decarbon
ization strategies that included aspirations and policies to provide en
ergy users with options to participate in a low-carbon energy transition 
[37]. These included the implementation of smart-metres and avail
ability of time-based energy consumption data by customer, long term 
demand side management strategies for the natural gas sector delivered 
by the provinces two main gas utilities, and aggressive electricity con
servation to support the cessation of coal-fired power generation, and a 
long-term energy plan. Strategic and policy plans across the four policy 

domains were developed at both the federal and provincial levels of 
government over the study’s timeframe, that were used to inform the 
multilevel analysis of policy and legitimacy factors that influence the 
diffusion of innovations. 

A provincial boundary was selected because energy and natural re
sources are under provincial jurisdiction in Canada. Ontario’s energy 
system spans most of the province (remote regions in the North have 
independent systems) and at the time was comprised of two natural gas 
distribution companies providing 8.7 billion cubic metres of natural gas 
for over 3 million residential customers and 17.9 billion cubic metres 
natural gas for 155,703 commercial and industrial customers in 2019 
[47,48]. A province-wide electricity transmission system company and 
Independent Electricity System Operator (IESO) manages the electricity 
market. The electricity system capacity in 2020 was 38,644 MW, made 
up of 13% nuclear, 29% fossil fuels, and 37% renewable energy [49]. 
Canadians are high energy users and among the highest greenhouse gas 
emitters at 19.4 tonnes per capita [50]. 

The dissemination rate measured the uptake of each innovation by 
energy users across its reference market (the number of potential users 
of a particular innovation). The types of reference markets identified in 
the sample include homeowners, tenants, Indigenous communities, in
dividuals, firms, governments, and not-for-profits. These reference 
markets and their population size are in [37]. Dissemination rates for 81 
innovations were found. 

In order to provide scores to all innovations on their potential impact 
on system change, as well as the policy and legitimacy factors that in
fluence them, a coding guide was developed in order to assign scores 
outlined in Table 2 to each of the 131 innovations. Information on the 
characteristics, users, and inhibiting and supporting factors that was 
used to assign the score was drawn from the surveys of experts, and 
document analysis (Fig. 1). To ensure consistency and limit subjectivity 
when assigning scores in the analysis, interrater reliability was 
employed and a substantial level of agreement was established. 

Fig. 1. Summary of Methodology [adapted from 37].  

Table 3 
Type of innovation.  

Type Number Examples 

Product 12 Natural gas appliance 
Residential solar power 
Electric vehicle 
Electric vehicle charger 
Smart thermostat 

Service 68 Local bicycle sharing service 
Carbon trading service 
Energy efficiency assessment on residential natural gas 
appliances 
Renewable energy co-operatives 
Knowledge hub for renewable energy and GHG knowledge 
Energy audit  
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2.3. Correlations 

Correlations were used to examine the relationship between vari
ables which tend to occur together in a way not expected by chance 
alone [51]. A correlation statistic can provide information about the 
strength and direction of the relationship between two variables [52]. 
The variables in our sample did not meet the assumptions of Pearson’s 
correlations. Kendall’s tau-b correlation coefficient was determined to 
be a more suitable metric of association between the variables in this 
analysis, as it is a non-parametric alternative [52]. Kendall’s tau-b (tb) 
correlation coefficient is calculated based on the ranks of the data, not 
from their actual values [51] and results can be assessed for significance 
(Table 1 in supplementary materials) and strength (Table 4). 

While multivariate and ordinary least squares regressions could test 
causation, because STET models tend to be difficult to operationalise, 
and the objective of this research was to understand relationships be
tween diffusion and system change, the dataset did not meet the criteria 
for these causal regressions (see Supplementary Materials for a detailed 
account). One outlier was removed; the final sample size was n=80. 

In order to explore the relationship between the disruptive potential 
of an innovation and diffusion, we ran a correlation analysis between 
each dimension of disruption and the dissemination rate, as well as 
between the composite disruption score (the aggregation of scores of 
decarbonization, decentralisation and democratisation) and dissemina
tion rate. 

In order to explore the relationship between factors that encourage 
or inhibit the diffusion of innovations, we ran a correlation analysis 
between each type of support (policy instruments and legitimacy) and 
the dissemination rate, as well as between the composite policy and 
legitimacy support score (the aggregation of scores of three policy in
struments and two legitimacy supports) and dissemination rate. 

3. Theory 

The scores outlined in “Materials and Methods” are derived from a 
literature review of evidence and factors that inhibit or encourage the 
diffusion of low-carbon innovations. As part of the literature review, 
three relevant dimensions of low-carbon socio-technical system change 
were identified as decarbonisation, physical decentralisation, demo
cratisation. Three types of relevant policy instruments found were eco
nomic, regulatory and knowledge creation and diffusion instruments. 
Legitimisation by actors and networks as well as in discourse were also 
found to be relevant variables to encourage or inhibit innovations. The 
following literature review outlines the rationale for the selection of 
these variables based on an extensive review of socio-technical transi
tions and diffusion of innovations literatures. 

3.1. Innovations and socio-technical system change 

Most technological innovations are never adopted by mainstream 
markets due to dominant and rigid socio-technical regimes, particularly 
for innovations that require changes in consumer behaviours or are 
incompatible with existing technological and physical infrastructure 
[53]. Radical or disruptive innovations diffuse more slowly than con
ventional innovations due to the lack of compatibility with the estab
lished socio-technical system [53,54]. 

A sustainability transition is the transformation of socio-technical 

systems, including the transitions of technologies, user behaviours, in
dustrial sectors, infrastructures and institutions towards environmental 
sustainability [55]. A socio-technical system is made up of embedded 
and interconnected configurations of society and technologies, which 
fulfil societal functions [56]. The Multi-Level Perspective theorises that 
the niche, regime, and landscape are the three interconnected layers that 
comprise a socio-technical system [57]. The small and flexible niche is 
where various innovations are created, researched and tested [55]. The 
socio-technical regime is the stable environment of established tech
nology, practices, regulations and networks that reinforce the existing 
technological system and influence the direction of innovation [53,58, 
59], where dominant technologies and user practices are locked-in; and 
the stable macroeconomic, environmental, social, and macro-political 
landscape that provides both the foundation for regime stability and 
the necessary pressures forcing the existing regime to change (e.g. price 
developments, demographic trends, environmental changes, etc.) 
[26–28]. Socio-technical transitions arise from the culmination of 
landscape pressures, and the readiness of niche innovations to break 
through and disrupt the incumbent regime [62]. Therefore, sustain
ability transitions are achieved through the diffusion of niche in
novations [57]. 

Disruptive innovations incorporate new features, which disrupt the 
existing technological paradigm and lead to broader system change, 
including the emergence of new actors in low-carbon energy production 
and supply, regulatory interventions, the introduction of new social 
values and political beliefs [9,32,34,35]. For disruptive innovations to 
lead to system change, it requires the upscaling or diffusion of disruptive 
innovations. Elements of the system also need to change, such as 
encouraging and allowing new types of business models, markets, actors 
and networks, removing policy and regulatory barriers, and encouraging 
the wider distribution of power and ownership of infrastructure and 
resources [63]. 

Incremental innovations are improvements to products and/or ser
vices within or outside an existing technological paradigm [9,32], of
fering improved cost-benefits to consumers for products or services in 
already established markets [32]. The diffusion of incremental in
novations leads to only minor adjustments within the established pat
terns of the existing regime, without having to compromise its core 
structures, institutions, and actors [64,65]. 

Regime reinforcing innovations are path-dependent and work to 
stabilise the incumbent socio-technical system. This occurs by perpetu
ating system-reinforcing characteristics, such as operating under 
favourable regulations within the established regime, contributing to 
large sunk costs in industry investments, benefiting from established 
economies of scale, and preserving entrenched social norms and 
behavioural routines that support the incumbent regime [36]. 

To increase the rate of diffusion of low-carbon innovations, the 
system level barriers that prevent actors and institutions from partici
pating in their adoption need to be addressed [12]. The scale-up of in
novations involves increasing the number of a particular niche 
innovation and their geographical distribution, by demonstrating niche 
innovations; expanding social networks through the encouragement of 
more actors to support the niche innovation, and increasing the social 
acceptance of the visions behind the niche innovations [66,67]. Land
scape developments may facilitate the scale-up of innovations by 
creating transformation pressures on the incumbent regimes [56]. 
However, lock-in mechanisms of the existing regime, such as existing 
actors and networks in the fossil fuel sector, matured infrastructure for 
the dominant technologies and lack of investments in the new infra
structure may prevent the expansion of the niche [68]. 

3.2. Relevant dimensions of socio-technical system change 

3.2.1. Decarbonisation 
In order to avoid the worst impacts of climate change, decarbon

isation is a critical dimension of energy system disruption. Energy 

Table 4 
Characteristics of Kendall’s Tau-b [15].  

Coefficient Correlation Strength 

0.00 < tb < 0.05 No correlation 
0.05 < tb < 0.20 Weak correlation 
0.20 < tb < 0.50 Medium correlation 
0.50 < tb Strong correlation  
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systems are responsible for roughly 80% of emissions globally [69] and 
this means that fossil fuel based energy uses must be replaced by 
no-carbon emitting sources of energy. A low-carbon energy transition 
requires building a new socio-technical system by reducing emissions in 
the production and consumption of energy, which requires a reconfi
guration of current technologies, institutions, and user practices [57]. 
Carbon lock in, is a state in which the combination of systemic 
multi-scalar forces work together to support the dominant fossil fuel 
regime through the complex network of technological, institutional, 
infrastructural and behavioural systems that support the continued use 
of carbon intensive technologies that constrains the diffusion and 
adoption of alternative low-carbon innovations [16,17]. Path de
pendency is the continued use of an innovation due to favourable market 
conditions and first mover advantages, despite the existence and avail
ability of more efficient, alternative technologies [17]. 

3.2.2. Infrastructure decentralisation 
Infrastructure decentralisation is another important dimension of 

socio-technical energy system change that is extensively debated in 
energy transitions literature. Energy infrastructure systems have his
torically been designed for large-scale centralised generation technolo
gies that deliver energy over long distances, in one direction, to high 
demand centres [70]. While energy decentralisation often refers to the 
entry of new actors with agency over the energy system [e.g., 23], it 
starts with a shift in technical infrastructure [21] that includes distrib
uted supply, end use technology and the determinants of demand [71]. 
That is, physical decentralisation is a shift in the the technologies, ser
vices, and architecture of the energy system That include flexibility 
enhancements to electricity distribution systems, such as energy con
servation, efficiency, demand response, storage, aggregators, combining 
renewable energy technologies (complementarity), connectivity, and 
proximity [72–74]. Decentralisation is required for the diffusion of 
low-carbon innovations, such as electric vehicles and renewable energy, 
that are important to low-carbon energy transitions that are needed to 
replace a fossil-fuel based energy system. 

Path dependency of centralisation inhibits the diffusion of decen
tralised technologies. For example, the absence of decentralised small- 
scale energy grids has been shown to inhibit the development and 
diffusion of renewable energy sources, technologies that are incompat
ible with large-scale centralised energy generation regimes [74]. 

Despite dramatic decreases in prices in renewable energy technolo
gies, particularly solar and wind [75], renewable energy still only ac
counts for 11% of total final energy consumption globally [76] with only 
2,500 GW of installed renewable energy [77]. Distributed renewable 
energy generation accounts for only 1% of electricity generation across 
the globe, although its uptake is accelerating [76,78]. 

3.2.3. Democratisation 
Democratisation is another important dimension of disruption to 

energy systems identified in debates about socio-technical energy tran
sitions. Democratisation involves infrastructure, rules, regulations and 
actors. The Sustainability Transitions Research Network (STRN) 
recently argued that a new research agenda for sustainability transitions 
requires a focus on distributive and participatory struggles within sus
tainability transitions [79]. 

Energy systems have been predominantly operated by centralised 
incumbent actors, such as vertically and horizontally bundled energy 
utilities [80]. Incumbent actors benefit from the existing institutional 
and infrastructural configurations, and advocate for policies and regu
lations that support their interests and reinforce their industry domi
nance [81]. New actors have been entering the energy sector to make 
decisions about how energy is sited, produced, consumed and managed 
[21] for example, through prosumership, cooperatives, community 
trusts, Indigenous economic development corporations, local author
ities, and renewable energy communities [73,82,83]. Rescaling 
decision-making is disruptive as it brings in many new actors operating 

smaller scale innovations, challenging the interests of incumbent actors 
[84–86]. While there are many examples of democratised energy around 
the world, it is still a small share of ownership of renewable energy 
production, and has reached market share in few places. There are close 
to 3,500 European renewable energy cooperatives [87]. Diffusion of 
democratic forms of energy are only in the tens in Brazil and Australia 
[77], and the hundreds in Canada and New Zealand [82,83]. Main
stream market share has been reached in Nepal, where roughly 15% of 
electricity is produced by community-owned micro-hydro installations 
and in Costa Rica, where four energy cooperatives with over 180,000 
members control almost 15% of the energy market [77]. 

3.3. Scale-up and diffusion of innovations 

A literature review of the empirical evidence on driving and inhib
iting factors to the scale-up and diffusion of disruptive innovations 
identified five important variables: economic policy instruments, regu
latory policy instruments, knowledge creation and diffusion policy in
struments, legitimacy through discourse and legitimacy through actors, 
all of which are included in the model. 

3.3.1. Policy instruments 
Policy instruments are tools applied by policymakers that support or 

inhibit the development, market formation, scale-up and diffusion of 
sustainable innovations [88]. Technology-push and demand-pull pol
icies are used to address the under-provisioning of technologies that are 
viewed as a public good, and in their absence, such technologies would 
remain under-provisioned by market forces [89,90]. A key challenge is 
that incumbent governments and institutional arrangements can un
dermine these policies [90]. 

A combination of supportive policies (policy mix) [55], is needed to 
facilitate the diffusion of emerging technologies [91,92]. General policy 
instruments can support a range of technologies to achieve broader 
sustainability objectives and are associated with the diffusion of incre
mental innovations, while technology-specific policy instruments target 
support to a particular technology and are necessary for the diffusion of 
disruptive innovations [93], which is why they were assigned a score of 
+2 in Table 2. Based on literature [55,94], herein, policy instruments 
are separated into three main categories for supporting or inhibiting 
innovation diffusion: economic, regulatory, and knowledge creation and 
diffusion. 

3.3.1.1. Economic policy instruments. The diffusion of environmental 
innovations will be inhibited if they are not able to compete economi
cally with conventional innovations [15]. Economic instruments pro
vide demand-side energy users with incentives to adopt technologies 
[93]. General economic instruments do not target specific technologies. 
These include carbon taxes, feed-in tariffs, emissions trading schemes, 
and tradable renewable certificate systems, are associated with incre
mental innovation and the diffusion of established technologies [93,95]. 
Fiscal instruments, such as removal of subsidies for fossil fuel-based 
technologies, can support low-emissions innovations to compete 
economically with incumbent technologies, leading to their adoption 
and diffusion [11]. Technology-specific economic instruments, such as 
deployment subsidies, low-interest loans, tax credits, grants and rebates 
for specific technologies, and public procurement of specific technolo
gies, are necessary to support the development and diffusion of 
disruptive innovations [93]. 

For example, in the case of decentralisation of energy systems, 
empirical evidence shows that the rapid diffusion of renewable energy 
technologies in Germany and the Netherlands is primarily attributed to 
economic instruments which improved their financial advantages [15, 
96]. The lack of investments and subsidies for renewable energy tech
nologies have been shown to have a negative effect on their diffusion 
and implementation [96]. 
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3.3.1.2. Regulatory policy instruments. Regulatory instruments directly 
control and regulate the adoption of innovations [93]. General regula
tory instruments include broad targets or commitment for a particular 
sector, emissions regulations and performance standards setting, but not 
for specific technologies [93]. Technology-specific instruments can set 
higher design technological standards (i.e. prescription of a certain 
equipment or technology), identification of Best Available Techniques 
or mandatory requirements such as technology-specific rules for per
mits, land-use etc. [93]. 

Governments use regulatory policy instruments to influence the 
diffusion of innovations by improving the selection environment [89, 
92]. However, the findings from empirical analyses are mixed. General 
regulatory instruments can contribute to the diffusion of incremental 
innovation or regime-reinforcing innovations but not to development 
and diffusion of disruptive innovations [93]. For example, Dutch 
building regulations were found to encourage more adoption of con
ventional water heating technologies with improvement in energy effi
ciency, but did not contribute to the diffusion of heat pumps [93]. 
Technology-specific regulatory instruments had a positive impact on 
the development and first market introduction of disruptive in
novations, such as electric vehicles, but limited impact on further 
development and diffusion [93]. A technologic-specific Eco-design 
Directive had a strong positive effect on diffusion of energy efficiency 
products [15]. 

Establishing technology-specific regulations is a challenge for regu
latory authorities since they pose knowledge demands. The impact of 
regulations on diffusion of cleaner technologies can be negative if 
inappropriate regulations are enforced in certain conditions, for 
example, if regulatory authorities don’t have enough knowledge, the 
regulations may promote “yesterday’s” innovations [97]. Furthermore, 
the lack of long-term regulations, and contradictory regulations (e.g., 
across agriculture and energy), have been shown to hamper the devel
opment and diffusion of renewable energy technologies [98]. 

3.3.1.3. Knowledge creation and diffusion instruments. Knowledge crea
tion and diffusion policy instruments contribute to embedding new 
practices in the incumbent socio-technical regime, and include educa
tional policies, training schemes, information and education campaigns, 
media, coordination of intellectual property rights and reference 
guidelines for best available technologies [55,94]. Diffusion of in
novations depends on the creation and diffusion of knowledge along 
networks to compete with other systems [99]. 

Policy can contribute to improving the degree of the connectivity in 
knowledge networks so that knowledge can be widely diffused [99]. 
Empirical study shows that knowledge development (such as R&D) and 
diffusion (such as workshops and conferences) have a positive influence 
on the development, diffusion and implementation of biomass digestion 
in the Netherlands [96]. Fichter and Clausen [45] found that 
information-based instruments can be very helpful in accompanying 
strong regulations and economic instruments in a policy mix, but they 
are “not at all sufficient as stand-alone measures”(p.48). In the case of 
decarbonisation, a deficit of knowledge, education and human capital 
can reduce the willingness to adopt low and/or no carbon innovations 
[90]. 

3.3.2. Legitimacy 
Institutional theory suggests that building acceptance for a novel 

innovation and challenging the incumbent institution depends heavily 
on the creation of legitimacy [100]. Legitimacy is created through a 
series of intentional actions and strategies deployed by system actors 
(actors with agency) to build and favourably shape support for a specific 
technology or practice [101]. Legitimacy supports niche innovation 
scale-up and diffusion through resource mobilisation, market formation, 
and actors gaining political strength [102–104]. Building an in
novation’s legitimacy for socio-technical system disruption requires the 

presence of positive discourse framing and visioning strategies by actors 
and the presence of actors with agency facilitating the diffusion of niche 
innovations across multiple scales [101,102,105,106]. 

3.3.2.1. Legitimacy through discourse. Niche or regime actors, or net
works of actors, develop storylines (discourse) that frame innovations in 
a particular way (positively or negatively) to influence the context 
within which the innovation is diffused [107]. Positive discourse 
framing is the articulation of a favourable vision or expectation through 
connecting it to the broader regime or landscape environment, and 
builds legitimacy for certain innovations, influencing their diffusion 
[101,107]. Policies, visioning strategies and public statements create 
legitimacy [104], and the collective visioning and discourse framing by 
system-level actors influences the development and diffusion of niche 
technologies [101,107]. 

Empirically, the diffusion of renewable energy technology is attrib
uted to legitimacy through discourse through long term goals and tar
gets [96,108], societal interest and acceptance [103], public concerns 
about climate change and positive visions of renewables [102], 
lobbying, and public debate [109], that stimulate investment and allo
cation of resources, and appeal to technology users [96]. The relative 
rate at which innovations diffuse is important as it affects the business 
case for adoption. For example, in Japan, solar-wind hybrid systems 
were impeded due to industry lobbying effects [110]. 

3.3.2.2. Legitimacy through actors. A system disruption requires the 
presence of institutions, agencies, and actors with agency (that can in
fluence the regime) in facilitating the diffusion of niche innovations 
across scales [60,61,101,102,106]. Innovation intermediaries assist 
niche-level actors in scaling-up technology diffusion and market adop
tion and assist regime actors in the creation of political and institutional 
space within the regime [61,107]. “Prime movers” are key actors in the 
creation of new technological systems and in the creation and diffusion 
of knowledge. 

The absence of an aligned or coordinated network of system actors is 
a challenge for diffusion [41,98]. Innovation intermediaries also facili
tate innovation adopters [41]. In examining the factors that influence 
the diffusion of low-carbon innovations, there tends to be a supply side 
bias, even though diffusion is mostly influenced by demand-side actors, 
such as adopters and intermediaries [41]. In a study of 130 environ
mental product and service innovations, supplier-related factors (e.g. 
renown and reputation of suppliers) and sector-related factors (e.g. de
gree of support by industry trade associations) correlated highly 
significantly with medium strength with the dissemination rate [15]. 

Empirically, the diffusion of renewable energy technologies is 
attributed to the legitimacy through actors experience from a “sister” 
technology innovation systems [109] – a competent supplier industry 
and coordinated actors and networks that improve the functioning of the 
market [99]. The diffusion of decentralised technologies is also attrib
uted to grassroots actors providing legitimacy and other forms of sup
port [111]. 

3.4. Combined supports 

According to the literature review, scale up of decentralisation and 
democratisation are influenced by multiple factors. 

For example, challenges along the centralisation-decentralisation 
scale include regulatory issues, such as institutional barriers, market 
structure and lack of grid access, economic issues such as financing, and 
the legitimacy influence of connectivity of actors in the system [34,41]. 
There are many factors that encourage the diffusion of decentralised 
innovations, such as regulatory and physical infrastructure (e.g.,markets 
and flexible energy systems) [78], knowledge creation and diffusion of 
community sense-making and mental models related to innovations 
[112], potential for legitimacy through clusters of smaller firms 
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organised in new networks [99], economic instruments and supplier 
related factors [113], providing feed-in-tariffs [114], and the consider
ation of combined costs of clusters of innovations rather than singular 
innovations, and forms of local participation [72,115]. 

Drivers of scale-up and diffusion of democratisation of energy in
novations include a supportive institutional context [116,117], the local 
capital goods industry [99,117,118], legitimacy, grassroots learning and 
experimenting [111], local framing as multiple problems and institu
tional learning [117], capacity to manage risks, shared ownership or 
partnerships between public and community-based projects [119], 
being able to move forward with lower financial returns than the 
thresholds for private industry [118] cooperative size, cooperative 
organisation, feed-in-tariffs and direct policies [114,120] and the pres
ence of intermediaries to address capacity issues [41]. Inhibitors to 
diffusion of democratised low-carbon innovations include auction-based 
mechanisms, higher process and transaction costs of smaller scale pro
jects [119], the ability to raise capital [120], geographic dispersion 
impedes knowledge sharing [121] and that different values and expec
tations of niche actors make it difficult to de-contextualise, scale up and 
translate those niche practices to mainstream contexts [111,121,122]. 

4. Results 

Fig. 2 provides a visualisation of dissemination rate and composite 
disruption score for the 80 innovations (for which dissemination rates 
were available). According to Fig. 2: 

1 61 innovations had characteristics of system disruption (i.e., com
posite disruption score above 0), of which 5 had a dissemination rate 
above 15%, and 56 below. A number of these were electricity based 
innovations.  

2 16 innovations had no characteristics of system disruption (i.e. 
composite disruption score equals 0), of which 6 had a dissemination 
rate above 15%, and 10 below. Many of these, particularly those with 
very high dissemination rates, were innovations that extend the use 
of natural gas, a fossil fuel.  

3 1 innovation had system reinforcing characteristics (i.e. composite 
disruption score below 0). This innovation continues the use of 
natural gas, a fossil fuel. 

Tables 5 and 6 present a summary of the central tendency and 
dispersion results from each of the disruption, policy and legitimacy 
variable scores and the composite scores of the innovations. Legitimacy 
through actors and networks has the highest average score (+1.66), 
while knowledge creation and diffusion policy instruments have the 
lowest average score (+0.37) (Table 5). The average composite 
disruption score is +1.93, while the average composite policy and 
legitimacy support score is +5.40 (Table 6). 

Table 7 presents the results of the correlations outlined in Section 
2.3, for which five statistically significant correlations were found 
(Table 7). 

Disruption and diffusion: 
The findings indicate that innovations with characteristics of system 

disruption are associated with lower rates of diffusion, and innovations 
that are regime reinforcing are associated with higher diffusion rates, 
which is also shown visually in Fig. 2.  

• A medium and highly statistically significant negative correlation 
relationship was found between decarbonization and dissemination 
rate (tb= -0.232). 

Fig. 2. dissemination rate and composite disruption score for innovations (n=80).  

Table 5 
Summary of disruption, policy and legitimacy supports statistics (n=80)  

Variable Mean 
Score 

Standard 
Deviation 

Score Frequency 

-2 -1 0 þ1 þ2 

Decarbonization +0.71 1.02 0 18 2 45 15 
Decentralisation +0.98 0.60 0 4 4 64 8 
Democratisation +0.31 0.52 0 0 57 21 2 
Policy for Scale-up: 

Economic 
+0.87 0.80 0 5 16 43 16 

Policy for Scale-up: 
Regulations 

+0.88 0.46 0 0 14 62 4 

Policy for Scale-up: 
Knowledge creation 
and diffusion 

+0.37 0.58 0 1 51 25 3 

Legitimacy through 
discourse 

+1.61 0.70 1 0 4 19 56 

Legitimacy through 
actors and networks 

+1.66 0.69 0 1 7 10 62  
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• A medium and highly statistically significant negative correlation 
relationship was found between composite disruption score and 
dissemination rate (tb= -0.222). 

Supports and diffusion: 
The findings indicate that each of the economic policy instruments, 

legitimacy through discourse and a combination of all policy and 
legitimacy supports are associated with low-carbon innovation 
diffusion.  

1 A medium and highly statistically significant positive correlation 
between economic policy instruments and dissemination rate (tb=
+0.276).  

2 A weak and statistically significant positive correlation between 
legitimacy through discourse framing and dissemination rate (tb=
+0.178).  

3 A weak and statistically significant positive correlation between 
composite policy and legitimacy support scores and dissemination 
rate (tb= +0.161). 

All other correlations are not statistically significant. 
Given that economic policy instruments are found to be relatively 

important, Table 8 outlines the breakdown of the economic policy in
struments by instrument type for the innovations that were analysed. 
The most common type of economic policy instruments are incentives 
(46%), and the most common type of economic incentives are rebates 
(16%), followed by grants (14%). Financing is the second most common 
type of economic instrument (6%), with a fairly even spread across 
bonds, loans, local improvement charges, and other (or not specific). 
There are four non-material incentives observed across the innovations, 
and only one disincentive. These findings demonstrate that there is a 
strong emphasis on material incentives for economic policy instruments 
supporting the scale-up and diffusion of the innovations, and less 
emphasis on financial incentives for the innovations. 

5. Discussion 

The findings indicate that economic instruments, legitimacy through 
discourse, as well as combined policy and legitimacy supports all 
encourage the diffusion of low-carbon innovations to demand-side en
ergy users in Ontario, while the the potential for decarbonization and of 
combined disruption dimensions are inhibiting. The key finding of this 
study is that, in a context where economic supports tend to be a focus of 
mainstream policy [126], combined supports for innovations are found 
to be important, which agrees with a similar previous research project 
by Clausen and Fichter [15] and Fichter and Clausen [45,132]. 

5.1. Dissemination and disruption 

The correlation between decarbonization and dissemination rate 
confirms and measures this tendency towards the diffusion of fossil-fuel 
regime reinforcing innovations in Ontario’s energy system, reflecting, in 
empirical measurement, the theories, analyses and findings presented by 
Seto et al. [81], Unruh [16,18] and Wilson [9]. Until recently, the 
Province of Ontario, has been on a path of continued promotion of a 
breadth of policies supporting diffusion of natural gas efficiency in
novations, rather than decarbonized sources of energy and fossil fuel 
replacing innovations. These policies were very successful in supporting 
natural gas innovations to achieve high market shares (see Fig. 2). For 
example, many energy efficiency policies offered competing rebates for 
heat pumps (disruptive on the decarbonization scale) as well as to nat
ural gas furnaces (regime reinforcing), meaning that energy users had 
equal incentive to select either innovation. Other fossil fuel re
placements, such as electric vehicles, also still had very low market share 
and lower support (Fig. 2). Although the scoring framework originates 
to the innovations found in Ontario, it is likely that it can be usefully 
applied to other jurisdictions in order to select low-carbon innovations 
to promote. For example, it is not unique to Ontario for policies to favour 
efficiency, rather than elimination fo natural gas for households–the 
2022 attacks on Ukraine has revealed the continued dependence of 
European states on natural gas exported from Russia. 

The relationship between the composite disruption score (the ag
gregation of scores of decarbonization, decentralisation and democrat
isation) and the dissemination rate shows a tendency for innovations to 
be system reinforcing, and reflects findings in the literature about 
strained relationships between incumbent, centralised energy systems, 
and new actors and technologies entering the socio-technical system. 

Table 6 
Summary of composite variables statistics (n=80)  

Variables Mean 
Score 

Mode 
Score 

Standard 
Deviation 

Observed 
Range 

Possible 
Range 

Composite 
Disruption 
Score 

+1.93 +2 1.682 (-2 – +6) (-6 – +6) 

Composite 
Policy and 
Legitimacy 
Support Score 

+5.40 +7 1.920 (0 – +8) (-10 – 
+10)  

Table 7 
Correlation Results (n=80)  

Variable Dissemination Rate 
Correlation Coefficient 

Decarbonization -0.232** 
Decentralisation -0.121 
Democratisation -0.116 
Economic Instruments +0.276** 
Regulatory Instruments +0.054 
Knowledge creation and diffusion instruments -0.132 
Legitimacy through discourse +0.178* 
Legitimacy through actors +0.104 
Composite Disruption Score -0.222** 
Composite Policy and Legitimacy Support Score +0.161*  

** Significant at the 1% level (2-tailed). 
* Significant at the 5% level (2-tailed). 

Table 8 
Types of Economic Instruments and their distribution (n=80).  

Type of Economic Instrument Frequency Percent of Total 
Economic 
Instrument (%) 

Material 
Incentives 

Payment for electricity 
produced 

5 6 

Grant 11 14 
Pay per performance 0 0 
Rebate 13 16 
Tax credit 3 4 
Other/not specified 5 6 
Total (Material Incentives) 37 46 

Non-Material 
Incentives 

Pro-environmental 
behaviours (e.g. choosing a 
zero carbon mode of 
transportation for 
commuting) 

4 5 

Disincentives Price on carbon (cap and 
trade) 

1 1 

Financing Bonds 2 3 
Loans 0 0 
Local improvement charges 2 3 
On-bill 0 0 
Other/not specified 1 1 
Total (Financing) 5 6  
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Due to a legacy of a monopolistic electricity and gas system, Ontario’s 
energy system is strongly controlled by incumbents [85]. An energy 
justice analysis using the same dataset found that 68% of innovations 
measured were offered by governments, utilities and the centralised 
planner (IESO), while the remaining innovations were offered by 
non-profit organisations and private businesses [123]. In the case of 
democratisation, the findings indicate that the demand-side innovations 
being offered to energy users do not put pressure on the disruption of 
control within the energy system. Similarly, in the case of physical de
centralisation, no relationship between disruption and diffusion was 
found. The majority of innovations (n=64) were found to have the po
tential for an incremental system change towards decentralisation, and 
very few innovations (n=8) were disruptive. Ontario removed coal fired 
generation but continues to use mainly nuclear energy as a power 
source, the lack of flexibility measures available to energy users on the 
demand-side limits the dissemination of renewable energy technologies 
and the broader potential for decarbonization of the energy system, such 
as for the electrification of heating and transportation. Between 2012 
and 2017, there was consumer adoption of renewables on the distribu
tion grid [124], which in this study is measured as incremental change to 
infrastructure. The electricity system operator (IESO), despite having 
aspirations of localised smart energy systems, has only now begun to 
develop white papers for distributed generation, consumer preferences 
and choices, and enhancing distributed level products and services in 
2019 [125], all of which would lead to disruptive change. Again, 
although these scoring scales were developed in Ontario, they can be 
usefully applied to other jurisdictions to understand if the degree of 
democratisation or decentralisation are different. 

5.1.1. Future research on dissemination and disruption 
Future analyses can measure what combinations of incremental or 

disruptive innovations have the potential to change the strength and 
direction of these relationships. In order to achieve a strongly positive 
correlation between disruption and dissemination rate, there would 
need to be higher diffusion of radically disruptive innovations, and 
much lower diffusion of regime reinforcing innovations. In addressing 
the demand-side contribution to climate change, it would be helpful to 
address how to increase the diffusion of innovations with the potential 
for disruption along different dimensions, and how to decrease the 
diffusion of system reinforcing innovations. Furthermore, the right 
blend of optimal supports for low-carbon innovations can be investi
gated by analysing the relationships between the supports and the 
disruptive potential of the innovations. 

5.2. Supports and dissemination 

The composite policy and legitimacy support score (the aggregation 
of scores of three policy instruments and two legitimacy supports) has an 
important impact on the diffusion of environmental innovations [45]. 
This study’s findings reflect this, as innovations with higher combined 
policy and legitimacy supports had higher rates of diffusion, whereas 
those that lacked composite policy and legitimacy supports are associ
ated with lower rates of diffusion. 

The relationship between economic policy instruments and dissem
ination rate is expected. Economic policy instruments are often attrib
uted as important to the diffusion of innovations [89,90,126]; the 
absence of such instruments have a negative effect on their diffusion and 
implementation [15,93,96]. While most of the innovations (n=59/80) 
had economic instrument support, only 16 had technology-specific 
economic instruments (Table 5). The types of economic instruments 
employed in Ontario were varied, including payment for electricity 
produced, grant, pay per performance, rebate, tax credit, bonds, loans, 
local improvement charges and on-bill [127]. 

The literature review found mixed results in terms of whether reg
ulatory instruments support the diffusion of innovations. For example, 
Negro et al. [96]’s analysis showed that the influence of regulations on 

the diffusion of innovations can be either positive or negative and Ber
gek and Berggren [93] found that both general and specific regulatory 
instruments do not necessarily result in the development or diffusion of 
disruptive innovations. The findings of this study appear to reflect this, 
as relationships between regulatory instruments and dissemination rate 
were not found, although there was a relationship between combined 
policy supports and dissemination rate. Ontario policy tended to rely on 
broad targets and commitments in their long-term energy and climate 
change plans. For example, Ontario had a commitment to build a clean 
energy system that is more than 90% free of greenhouse gas emissions in 
its long term energy plan [128]. As a result, 62 innovations had general 
regulatory instrument support while only 4 innovations had 
technology-specific regulatory instrument support (Table 5). 

Although knowledge creation and diffusion support the diffusion of 
low-carbon innovations [99], the lack of relationship found between 
knowledge creation and diffusion policy instruments and dissemination 
rate may be explained by multiple reasons. For example, Fichter and 
Clausen’s [45] analysis showed that information-based instruments 
require strong regulations and economic instruments in a policy mix in 
order to be effective. Furthermore, although the influence of knowledge 
creation and diffusion on innovation diffusion is expected to be positive, 
other systemic factors, such as institutional or actor and network 
weaknesses, can weaken the diffusion of knowledge and information 
[99]. Jacobsson and Johnson [99] found that the amount of information 
and knowledge that is diffused in the system depends on the degree of 
connectivity (trust and collective identity) in the existing system, and 
the formation of connectivity relies on bridging institutions, actors and 
networks. The outcomes are, therefore, more nuanced. Across the 
sample, few of the innovations were found to be supported by knowl
edge creation and diffusion policy instruments; only 25 innovations had 
general support and only 3 had technology-specific knowledge support 
(Table 5). Ontario should be increasing supports for knowledge creation 
and diffusion, and the findings agree with Fichter and Clausen [45]that 
policy mix with balanced use of instruments are important and 
information-based instruments, such as public labelling schemes, can be 
very helpful in accompanying regulations and economic incentives. For 
example, despite the rise in electricity prices [124], the GreenButton 
program that provided standardised information to Ontario consumers 
had little uptake [37], demonstrating the price may not have been an 
important enough driver. Meanwhile, Ontario’s natural gas prices 
remained relatively flat and low [124], so there may not have been 
enough drive to use information to reduce natural gas usage. 

The literature states that both legitimacy through discourse and 
through actors are important to facilitate the diffusion of innovations 
[60,61,96,100–103,106–109]. Overall, the results demonstrate that 
there is generally strong legitimacy support across the sample of 
low-carbon innovations compared to the policy supports (see Table 5). 
Therefore, we would have expected to see a relationship between each of 
legitimacy through discourse and legitimacy through actors and 
dissemination rate, although only legitimacy through discourse and 
combined policy and legitimacy supports were found to be significant. 
Most of the innovations (n=75) have legitimacy support through some 
degree of positive discourse framing and the vast majority (n=72) have 
support from a network of actors and intermediaries (Table 5). Most of 
the innovations (n=62) had a strong network of regime-level actors and 
intermediaries operating across policy domains (Table 5). At the same 
time, only 12 innovations were above 15% dissemination rate, and 68 
below. The results indicate that legitimacy is a permitting factor, rein
forcing the importance of combined supports. 

5.2.1. Future research on supports and dissemination 
With regard to optimal supports for low-carbon innovations, one 

strength of Ontario’s system revealed by this investigation is the high 
level of legitimacy support for many low-carbon innovations through 
both actors and networks and discourse, while weaknesses include 
emphasis on supporting regime-reinforcing innovations and weak 
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regulatory and knowledge creation and diffusion supports (see Table 5). 
Immediate further research using this dataset describing Ontario 

could also explore the relationships between supports to identify how to 
enhance the blend of policy support and pathways to support the 
diffusion of disruptive innovations. This is supported by the literature, 
which indicates relationships between the supports themselves. For 
example, actors and networks of competing technology systems are 
known to strengthen knowledge creation and diffusion [99], and the 
mobilisation of policy support through realignment of institutions 
[130]. The legitimacy of an innovation and its actors are strongly related 
to institutional frameworks, and one important institutional alignment 
is the “redirection of science and technology policy in order to generate 
a range of competing designs” [130]. 

In the case of decentralisation, clusters and combinations of in
novations adopted by the demand-side are increasingly important 
[72–74]. Further analysis could examine whether a relevant measure is 
the comparison of supports for diffusion across similar users of these 
complementary innovations that are required in infrastructure decen
tralisation [110,131]. 

5.3. Study limitations 

A limitation of the study is the lack of information about the in
novations required for analysis. While this did not affect the statistical 
analyses, it can affect policy decisions for particular innovations. This 
was not surprising, and one of the reasons for using surveys of stake
holders to gather information, as lack of energy data has long been an 
acknowledged problem in Canada [129].The main issue is that 
dissemination rate variables for 51 innovations (over one third of the 
innovations studied) were not available. To gather uptake rates, the 
researchers contacted stakeholders through online and telephone sur
veys [37]. Many stakeholders were contacted to find population statis
tics, such as government entities (e.g. municipal economic development 
agencies), academic institutions and/or non-government organisations 
(e.g. environmental groups). During this time, the provincial conserva
tive government elected in 2018 ended the government’s open data 
policy, and even less data was publicly available. Other information 
about the innovations that were required for coding, was more complex 
for some variables than for others. For example, the difference between 
the determination of a general or technology-specific economic instru
ment compared to determining legitimacy through actors score, which 
often required looking at networks and associations, funders, actors 
involved in the development and delivery of the innovation, information 
that was located in a variety of documents and the surveys. Despite these 
limitations, coding inter rater reliability was used in six rounds, and the 
level of agreement was “almost perfect” for all variables [37]. 

Furthermore, our data did not meet the criteria for causal regressions 
so this study cannot make empirical claims about the factors that cause 
diffusion. However, for all the factors analysed, we referenced the 
literature to understand their proven relationships with disruption and 
diffusion. We therefore have extensive supporting evidence based in the 
peer-reviewed literature to support our inferences about the direction of 
attribution. 

6. Conclusion 

One of the most important societal questions related to climate 
change is how to increase the diffusion of disruptive innovations and 
decrease the diffusion of system reinforcing innovations. Research is 
needed to discern the institutional frameworks and governance tools 
needed to achieve effective large-scale diffusion at a stage when tech
nologies are commercially available and new demand-side actors 
become involved [41]. However, going beyond economic and technical 
analyses to understand how socio-technical transitions unfold is an 
interdisciplinary research challenge [40]. 

The main novelty of this study is identifying multiple demand-side 

innovations within a specific energy system context (Ontario), charac
terising each innovations’ potential for socio-technical energy system 
change and the policy and legitimacy factors that drive or inhibit its 
diffusion. This framework incorporates demand-side actors, the niche 
innovation, the regime actors and the socio-technical system, demon
strating how a transition framework that is both empirical and quanti
tative and can integrate considerations of system actors, behaviours, 
innovations and infrastructure simultaneously. The contribution of this 
study goes beyond the diffusion of innovations, with a focus on the re
lationships between diffusion and system change, and the focus on 
system-wide analysis, with the articulation and measurement of three 
elements of disruption, developed to understand the potential for in
novations to impact broad system change, and the articulation of five 
support variables to measure the system’s impact on the scale-up of 
these innovations, using a broad sample of innovations across the 
province’s energy system, users. This allows empirical measurement of 
the direction and strength of relationships between diffusion and system 
change, and offers a clearer understanding of whether innovations that 
are being diffused are reinforcing or disruptive to the socio-technical 
regime along the dimensions of decarbonization, decentralisation, and 
democratisation. It also evaluates the specific policy (economic, regu
latory, informational) and legitimacy (actors, discourse) factors that 
drive or inhibit an innovation’s diffusion. The scores and correlation 
analyses, combined with an extensive literature review on causal fac
tors, allowed for the measurement of whether a relationship exists, its 
strength, and direction. A key indicator of a transition would be a pos
itive change in the relationship between disruption and diffusion, which 
our framework explicitly measures. This offers future researchers, 
policy-makers and system actors the ability to evaluate the various 
factors that either support or inhibit the diffusion of a range of in
novations within a particular energy system. 

The key finding of this study is that, in a context where economic 
supports tend to be a focus of mainstream policy [126], combined 
supports for innovations are found to be important. In the context of 
Ontario, innovations with disruptive and decarbonization potential are 
negatively associated with diffusion; economic policy instruments and 
legitimacy through discourse and combined supports are all positively 
associated with diffusion of low-carbon innovations on the demand-side. 
How to increase these supports is an important question, and further 
research should address the relationships between supports, for 
example, between legitimacy and policy instrument support. The find
ings confirm what the literature, including studies of the diffusion of 
singular innovations, have shown regarding the relationships between 
an innovation’s disruptive characteristics and diffusion, the relationship 
between economic policy and legitimacy through discourse and diffu
sion, and the range of combined supports on the diffusion of low carbon 
innovations. 

While the scoring system and research originates in and focuses on 
the context of Ontario, the issue of the diffusion of low-carbon in
novations and system change is a global concern, and therefore gener
alizable to other contexts. This transition framework and lessons learned 
can be applied to other contexts and energy systems this framework can 
be employed to predict and optimise diffusion, as the questions of 
impact and diffusion of innovations are currently important in the global 
need for carbon mitigation. The scoring system of the framework, and 
methodologies of this and suggested future research can be applied to 
the suite of demand-side low-carbon innovations in other jurisdictions in 
order to measure similar relationships through correlations and explore 
the same research questions. This would require identifying low-carbon 
innovations and their users within a particular jurisdiction. Some ju
risdictions may have this information already gathered, while others 
may require gathering a dataset unique to the jurisdiction, to which 
Hoicka et al. [37] sampling methodology can be applied with the 
identification of the regimes and policy domains that influence the 
diffusion of low-carbon innovations in that jurisdiction. Finally, in the 
broader goal of developing transition frameworks that incorporate the 
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nuances of complex socio-technical system change, this framework can 
be incorporated into other models through what Li et al. terms a 
“landscape of models” approach, which bridges models and frameworks 
together. 
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[79] J. Köhler, F.W. Geels, F. Kern, J. Markard, A. Wieczorek, F. Alkemade, et al., An 

agenda for sustainability transitions research: state of the art and future 
directions, Environ. Innov. Soc. Transit. 31 (2019) 1–32, https://doi.org/ 
10.1016/j.eist.2019.01.004. 

[80] A. Goldthau, B.K. Sovacool, The uniqueness of the energy security, justice, and 
governance problem, Energy Policy 41 (2012) 232–240, https://doi.org/ 
10.1016/j.enpol.2011.10.042. 

[81] K.C. Seto, S.J. Davis, R.B. Mitchell, E.C. Stokes, G. Unruh, D. Ürge-Vorsatz, 
Carbon lock-in: types, causes, and policy implications, Annu. Rev. Environ. 
Resour. 41 (2016) 425–452, https://doi.org/10.1146/annurev-environ-110615- 
085934. 

[82] C.E. Hoicka, K. Savic, A. Campney, Reconciliation through renewable energy? A 
survey of Indigenous communities, involvement, and peoples in Canada, Energy 
Res. Soc. Sci. 74 (2021), 101897, https://doi.org/10.1016/j.erss.2020.101897. 

[83] C.E. Hoicka, J.L. MacArthur, From tip to toes: mapping community energy 
models in Canada and New Zealand, Energy Policy 121 (2018) 162–174. 

[84] M.C. Brisbois, Shifting political power in an era of electricity decentralization: 
rescaling, reorganization and battles for influence, Environ. Innov. Soc. Transit. 
36 (2020) 49–69, https://doi.org/10.1016/j.eist.2020.04.007. 

[85] M.C. Brisbois, Powershifts: a framework for assessing the growing impact of 
decentralized ownership of energy transitions on political decision-making, 
Energy Res. Soc. Sci. 50 (2019) 151–161, https://doi.org/10.1016/j. 
erss.2018.12.003. 

[86] B.K. Sovacool, M.-C. Brisbois, Elite power in low-carbon transitions: a critical and 
interdisciplinary review, Energy Res. Soc. Sci. 57 (2019), 101242, https://doi. 
org/10.1016/j.erss.2019.101242. 

[87] N. Chrysogelos, REScoop.eu: citizen energy cooperatives have transformed the 
energy market in many countries, Wind of Renewal (2021). 

[88] T. Foxon, P. Pearson, Overcoming barriers to innovation and diffusion of cleaner 
technologies: some features of a sustainable innovation policy regime, J. Clean. 
Prod. 16 (2008) S148–S161, https://doi.org/10.1016/j.jclepro.2007.10.011. 

[89] IEA, Energy Technology Perspectives 2020 (2020). 
[90] IPCC, Climate Change 2014: Synthesis Report. Contribution of Working Groups I, 

II and III to the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change, Intergovernmental Panel on Climate Change, Geneva, 
Switzerland, 2014. 

[91] A. Bergek, I. Mignon, Motives to adopt renewable electricity technologies: 
evidence from Sweden, Energy Policy 106 (2017) 547–559, https://doi.org/ 
10.1016/j.enpol.2017.04.016. 

[92] C. Montalvo, R. Kemp, Cleaner technology diffusion: case studies, modeling and 
policy, J. Clean. Prod. 16 (2008) S1–S6, https://doi.org/10.1016/j. 
jclepro.2007.10.014. 

[93] A. Bergek, C. Berggren, The impact of environmental policy instruments on 
innovation: a review of energy and automotive industry studies, Ecol. Econ. 106 
(2014) 112–123, https://doi.org/10.1016/j.ecolecon.2014.07.016. 

[94] D.L. Weimer, A.R. Vining. Policy Analysis: Concepts and Practice, 2nd ed., 
Prentice Hall, Cliffs, New Jersey, 1992. 

[95] A. Caragliu, Energy efficiency-enhancing policies and firm performance: evidence 
from the paper and glass industries in Italy, Energy Policy 156 (2021), 112415, 
https://doi.org/10.1016/j.enpol.2021.112415. 

[96] S.O. Negro, M.P. Hekkert, R.E. Smits, Explaining the failure of the Dutch 
innovation system for biomass digestion-a functional analysis, Energy Policy 35 
(2007) 925–938, https://doi.org/10.1016/j.enpol.2006.01.027. 

[97] C. Montalvo, General wisdom concerning the factors affecting the adoption of 
cleaner technologies: a survey 1990-2007, J. Clean. Prod. 16 (2008) S7–13, 
https://doi.org/10.1016/j.jclepro.2007.10.002. 

C.E. Hoicka et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.erss.2018.02.010
https://doi.org/10.1016/j.mex.2021.101295
https://doi.org/10.1016/j.mex.2021.101295
https://doi.org/10.1038/nclimate1267
https://doi.org/10.1016/j.techfore.2010.04.002
https://doi.org/10.1016/j.techfore.2015.07.017
https://doi.org/10.1016/j.jclepro.2015.09.048
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0043
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0044
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0044
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0044
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0044
https://doi.org/10.1016/j.eist.2020.10.005
https://doi.org/10.1177/0263774X16663933
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0047
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0048
https://www.ieso.ca/en/Corporate-IESO/Media/Year-End-Data
https://www.ieso.ca/en/Corporate-IESO/Media/Year-End-Data
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0050
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0050
https://doi.org/10.1016/j.tjem.2018.08.001
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0052
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0052
https://doi.org/10.1080/09537329808524310
https://doi.org/10.1080/09537329808524310
https://doi.org/10.1016/j.respol.2004.01.015
https://doi.org/10.1016/j.respol.2015.09.008
https://doi.org/10.1016/S0048-7333(02)00062-8
https://doi.org/10.1146/annurev-environ-102014-021340
https://doi.org/10.1146/annurev-environ-102014-021340
https://doi.org/10.1016/j.techfore.2004.08.014
https://doi.org/10.1016/j.respol.2008.01.004
https://doi.org/10.3390/su8050476
https://doi.org/10.1016/j.jclepro.2017.11.054
https://doi.org/10.1016/j.respol.2016.03.012
https://doi.org/10.1016/j.eist.2020.12.001
https://doi.org/10.4324/9780203070086
https://doi.org/10.4324/9780203070086
https://doi.org/10.1016/j.enpol.2014.10.022
https://doi.org/10.1016/j.respol.2013.10.006
https://doi.org/10.1007/s11625-012-0163-7
https://doi.org/10.1007/s11625-012-0163-7
https://doi.org/10.1016/j.eist.2015.07.005
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0069
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0070
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0070
https://doi.org/10.1016/j.enpol.2012.10.066
https://doi.org/10.1016/j.rser.2019.109543
https://doi.org/10.1016/j.rser.2019.109489
https://doi.org/10.1016/j.rser.2019.109489
https://doi.org/10.1146/annurev-environ-110615-085725
https://doi.org/10.1146/annurev-environ-110615-085725
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0075
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0076
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0077
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0078
https://doi.org/10.1016/j.eist.2019.01.004
https://doi.org/10.1016/j.eist.2019.01.004
https://doi.org/10.1016/j.enpol.2011.10.042
https://doi.org/10.1016/j.enpol.2011.10.042
https://doi.org/10.1146/annurev-environ-110615-085934
https://doi.org/10.1146/annurev-environ-110615-085934
https://doi.org/10.1016/j.erss.2020.101897
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0083
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0083
https://doi.org/10.1016/j.eist.2020.04.007
https://doi.org/10.1016/j.erss.2018.12.003
https://doi.org/10.1016/j.erss.2018.12.003
https://doi.org/10.1016/j.erss.2019.101242
https://doi.org/10.1016/j.erss.2019.101242
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0087
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0087
https://doi.org/10.1016/j.jclepro.2007.10.011
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0089
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0090
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0090
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0090
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0090
https://doi.org/10.1016/j.enpol.2017.04.016
https://doi.org/10.1016/j.enpol.2017.04.016
https://doi.org/10.1016/j.jclepro.2007.10.014
https://doi.org/10.1016/j.jclepro.2007.10.014
https://doi.org/10.1016/j.ecolecon.2014.07.016
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0094
http://refhub.elsevier.com/S2667-095X(22)00018-6/sbref0094
https://doi.org/10.1016/j.enpol.2021.112415
https://doi.org/10.1016/j.enpol.2006.01.027
https://doi.org/10.1016/j.jclepro.2007.10.002


Renewable and Sustainable Energy Transition 2 (2022) 100034

15

[98] S.O. Negro, F. Alkemade, M.P. Hekkert, Why does renewable energy diffuse so 
slowly? A review of innovation system problems, Renew. Sustain. Energy Rev. 16 
(2012) 3836–3846, https://doi.org/10.1016/j.rser.2012.03.043. 

[99] S. Jacobsson, A. Johnson, The diffusion of renewable energy technology: an 
analytical framework and key issues for research, Energy Policy 28 (2000) 
625–640, https://doi.org/10.1016/S0301-4215(00)00041-0. 

[100] J.A.W.H. van Oorschot, E. Hofman, J.I.M. Halman, A bibliometric review of the 
innovation adoption literature, Technol. Forecast. Soc. Change 134 (2018) 1–21, 
https://doi.org/10.1016/j.techfore.2018.04.032. 

[101] M. Duygan, M. Stauffacher, G. Meylan, A heuristic for conceptualizing and 
uncovering the determinants of agency in socio-technical transitions, Environ. 
Innov. Soc. Transit. 33 (2019) 13–29, https://doi.org/10.1016/j. 
eist.2019.02.002. 

[102] F.W. Geels, B. Verhees, Cultural legitimacy and framing struggles in innovation 
journeys: a cultural-performative perspective and a case study of Dutch nuclear 
energy (1945-1986), Technol. Forecast. Soc. Change 78 (2011) 910–930, https:// 
doi.org/10.1016/j.techfore.2010.12.004. 

[103] S. Jacobsson, V. Lauber, The politics and policy of energy system transformation – 
explaining the German diffusion of renewable energy technology, Energy Policy 
34 (3) (2006) 256–276. 

[104] P. Kivimaa, F. Kern, Creative destruction or mere niche support? Innovation 
policy mixes for sustainability transitions, Res. Policy 45 (2016) 205–217, 
https://doi.org/10.1016/j.respol.2015.09.008. 

[105] A. Ruef, J. Markard, What happens after a hype? How changing expectations 
affected innovation activities in the case of stationary fuel cells, Technol. Anal. 
Strateg. Manag. 22 (2010) 317–338, https://doi.org/10.1080/ 
09537321003647354. 

[106] M.P. Schlaile, S. Urmetzer, V. Blok, A.D. Andersen, J. Timmermans, M. Mueller, et 
al., Innovation systems for transformations towards sustainability? Taking the 
normative dimension seriously, Sustain. Switz. 9 (2017), https://doi.org/ 
10.3390/su9122253. 

[107] D. Rosenbloom, H. Berton, J. Meadowcroft, Framing the sun: a discursive 
approach to understanding multi-dimensional interactions within socio-technical 
transitions through the case of solar electricity in Ontario, Canada, Res. Policy 45 
(2016) 1275–1290, https://doi.org/10.1016/j.respol.2016.03.012. 

[108] M.P. Hekkert, R.A.A. Suurs, S.O. Negro, S. Kuhlmann, R.E.H.M. Smits, Functions 
of innovation systems: a new approach for analysing technological change, 
Technol. Forecast. Soc. Change 74 (2007) 413–432, https://doi.org/10.1016/j. 
techfore.2006.03.002. 

[109] A. Bergek, S. Jacobsson, B. Carlsson, S. Lindmark, A. Rickne, Analyzing the 
functional dynamics of technological innovation systems : a scheme of analysis, 
Res. Policy 37 (2008) 407–429, https://doi.org/10.1016/j.respol.2007.12.003. 

[110] A. Li, Y. Xu, H. Shiroyama, Solar lobby and energy transition in Japan, Energy 
Policy 134 (2019), 110950, https://doi.org/10.1016/j.enpol.2019.110950. 

[111] M. Ornetzeder, Of solar collectors, wind power, and car sharing: comparing and 
understanding successful cases of grassroots innovations, Glob. Environ. Change 
(2013) 12. 

[112] K. Korjonen-Kuusipuro, M. Hujala, S. Pätäri, J.-P. Bergman, L. Olkkonen, The 
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