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Introduction

Improvements in energy efficiency are widely expected to contribute more than 
half of the reductions in global carbon emissions over the next few decades (IEA, 
2012) and are considered critically important to delivering the pledges made in 
the Paris Agreement (IEA, 2015). These improvements are expected to reduce 
energy demand below that projected in ‘business as usual scenarios’ and may also 
need to deliver absolute reductions in energy consumption. To provide a likely (66 
per cent) chance of limiting global temperature increases to below 2°C, net global 
carbon emissions must peak by 2020 and fall to zero by approximately 2070 – an 
extraordinarily demanding target. In the near term (2040), this implies more than 
doubling the annual rate of energy efficiency improvement in appliances and the 
building stock (IEA, 2017). The rate and scale of change required is best described 
as revolutionary: there are few historical precedents for such accelerated efficiency 
improvements and existing policy initiatives have achieved only incremental pro-
gress towards that end (Geels et al., 2017).
 To deliver such an ambitious target will require the rapid development and 
diffusion of multiple ‘low- energy innovations’ – innovations that differ signifi-
cantly from existing technologies and practices and have the potential to 
improve energy efficiency and/or reduce energy demand. Many of these tech-
nologies, such as electric vehicles (EVs) or heat pumps, also involve a switch to 
low- carbon energy sources.
 To date, policy efforts to improve energy efficiency and reduce energy demand 
have primarily been informed by neoclassical economics, behavioural economics 
and social psychology. These perspectives have numerous strengths, but also 
important limitations for understanding both the nature of the low- carbon chal-
lenge and the appropriate policy response to that challenge. In particular, they 
provide limited guidance on the emergence and diffusion of low- energy innova-
tions and the associated processes of system transformation (Sorrell, 2015).
 Neoclassical economics considers energy or carbon prices to be the critical 
variable in reducing energy demand, supported where appropriate by policies to 
reduce various economic barriers to energy efficiency, such as split incentives 
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and asymmetric information (Brown, 2001; Sorrell et al., 2004). However, for 
most consumers energy efficiency represents a secondary and largely invisible 
attribute of goods and services, thereby muting the response to price incentives. 
Factors such as comfort, practicality and convenience commonly play a much 
larger role in energy- related decisions, with energy consumption being domi-
nated by habitual behaviour that is shaped by social norms (Shove, 2003). 
Moreover, carbon pricing is politically unpopular and energy efficiency remains 
a low political priority, resulting in a policy mix that is frequently ineffective 
(Kern et al., 2017). Neoclassical economics also assumes rational decision- 
making by firms and individuals and thereby pays insufficient attention to the 
broader, non- economic determinants of decision- making (Stern et al., 2016).
 Insights from behavioural economics and social psychology can reveal the 
cognitive, emotional and affective influences on relevant choices and routines 
and suggest ways to ‘nudge’ people and organisations towards more energy- 
efficient choices and routines (Andrews and Johnson, 2016; Steg, 2016). But 
social–psychological research focuses overwhelmingly upon individual con-
sumers and neglects the importance of interactions with other actors, organisa-
tional decision- making and economic and social contexts. More fundamentally, 
both economic and social psychology have an individualist orientation that 
underrates the significance of the collective and structural factors that shape 
behaviour, guide innovation and enable and constrain individual choice.
 Thus, the dominant perspectives on reducing energy demand have a number of 
limitations and these limitations are reflected in the partial focus and frequent 
ineffectiveness of the current policy mix. Given this, we suggest a broader 
‘sociotechnical’ perspective that more fully addresses the complexity of the chal-
lenges involved and which integrates insights from a number of social science dis-
ciplines, including innovation studies, science and technology studies, and history. 
We argue that reducing energy demand involves more than improving individual 
technologies or changing individual behaviours, but instead requires interlinked 
and potentially far- reaching changes in the broader ‘sociotechnical systems’ that 
deliver energy services, such as lighting, thermal comfort or mobility. We term 
these changes ‘sociotechnical transitions’. These transitions are typically complex, 
protracted, multi- dimensional and path dependent, and the outcomes are difficult 
to predict. A sociotechnical transitions perspective acknowledges these character-
istics and seeks to understand the transition process as a whole, rather than focus-
ing upon individual technologies and behaviours.
 Drawing from earlier work (Geels et al., 2018), we have organised our discus-
sion of sociotechnical systems and low- energy innovations under three research 
themes, namely: emergence, diffusion and impact. Although this is suggestive of 
a linear model of innovation, we think the distinction is useful since each 
theme encompasses very different analytical topics. Emergence and diffusion of 
radical low- energy innovations refer to different phases in decades- long trans-
ition processes (although the boundaries between them may be fuzzy). Impact 
refers to the ultimate effect of low- energy innovations on energy demand. 
Acknowledging complexities, we also identify crosscutting debates that span the 
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three themes. The focus throughout is on theoretical and conceptual issues 
rather than specific empirical insights. Many of the debates are relevant to 
research on ‘sociotechnical transitions’ in general as well as to research on 
energy demand in particular.

The sociotechnical transitions approach

Numerous social scientific theories identify themselves as being ‘sociotechnical’, 
although they interpret that term in different ways. One recent review identi-
fied no less than 96 distinct theories that call themselves sociotechnical across 
more than a dozen disciplines (Sovacool and Hess, 2017). Nonetheless, there 
are some key distinctions that set our sociotechnical perspective apart from 
others, which we examine here.
 Substantial reductions in energy demand will require transitions towards new or 
durably reconfigured sociotechnical systems for delivering heating, lighting, 
motive power, mobility and other energy services. For example, lower energy and 
lower carbon mobility may require: transforming the car fleet towards lightweight 
EVs; developing and diffusing associated technologies in materials, battery storage, 
controls and electric propulsion; establishing a national charging network; integ-
rating this network with a smart transmission and distribution grid (including 
using EVs for electricity storage); developing new models for vehicle sharing and 
ownership; significantly expanding the share of public transport in total mobility; 
redesigning cities to encourage walking and cycling and so on.
 Promising low- energy innovations provide the seeds for such transitions, but 
many of them initially have a very small market share and face uphill struggles 
against existing technologies and practices and the sociotechnical systems in 
which they are embedded. One implication is that current policy interventions 
(which revolve around more narrow dimensions such as cost structures, informa-
tion provision and regulation) may be insufficient to bring about such non- 
marginal change. A second implication is that low- energy innovations should 
not be studied in isolation, but in the context of their compatibility with and 
struggles against existing sociotechnical systems. The specific framework we use 
to understand these issues is the Multi- Level Perspective (MLP), which we 
briefly summarise.
 The MLP distinguishes three analytical levels (Geels, 2002; Geels and Schot, 
2007; Rip and Kemp, 1998).

1 The incumbent sociotechnical system refers to the interdependent mix of 
technologies, industries, supply chains, consumption patterns, policies and 
infrastructures. These tangible system elements are reproduced by actors 
and social groups, whose perceptions and actions are shaped by formal rules 
(e.g. regulations, standards) and informal institutions (e.g. shared meanings, 
heuristics, rules of thumb, routines, social norms). The rules and institutions 
within a sociotechnical system are referred to as the sociotechnical regime. 
Owing to various ‘lock- in’ effects (Unruh, 2000), innovation in existing 
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systems is mostly incremental and path dependent, aimed at elaborating 
existing capabilities. Sources of lock- in include sunk investments (in skills, 
factories and infrastructures), economies of scale, increasing returns to 
adoption, and the momentum of established rules and institutions (Hughes, 
1987). These reinforcing factors act to create stability in the incumbent 
system, and resistance to change.

2 Niche innovations refer to novelties that deviate on one or more dimensions 
from existing systems. The novelty may be a new practice (e.g. car- sharing), 
a new technology (e.g. battery–EVs), a new business model (e.g. energy 
service companies) or a combination of these. Many radical innovations 
initially have poor price/performance characteristics and are misaligned 
with – and obstructed by – the established sociotechnical system. Radical 
innovations therefore initially emerge in ‘niches’, which act as ‘incubation 
rooms’ that protect them against mainstream selection environments 
(Kemp et al., 1998). Examples are: particular application domains (e.g. the 
military), geographical areas, markets or subsidised programmes. Radical 
innovations are often developed by networks of ‘fringe’ actors, rather than 
by dominant firms (Van de Poel, 2000).

3 The sociotechnical landscape forms an exogenous environment beyond the 
direct influence of niche and regime actors but influencing them in various 
ways. This may be through gradual changes, such as shifts in cultural prefer-
ences, demographics and macro- political developments, or through short- 
term shocks such as macro- economic recessions and oil crises.

Niche actors are continually working on radical innovations (e.g. developing 
and improving technologies, opening up markets, finding customers, attracting 
investment, lobbying policymakers for support), but usually experience uphill 
struggles against existing systems, which are stabilised by multiple lock- in 
mechanisms. The MLP therefore suggests that transitions require the alignment 
of several processes within and between the three analytical levels: 

a) ‘niche innovations gradually build up internal momentum (through 
learning processes, price/performance improvements and support from 
powerful groups), b) changes at the landscape level creates pressure on the 
regime, c) destabilisation of the regime creates windows of opportunity for 
niche innovations. 

(Geels and Schot, 2007, p. 400)

This combination of processes allows niche innovations to break through, and 
to trigger a series of broader changes in supply chains, infrastructures, policies, 
expectations and behaviours that ultimately transform the regime. The MLP has 
been illustrated and refined with historical case studies of transitions as well as 
contemporary applications.
 Figure 2.1 schematically represents the MLP as a ‘big- picture’ understanding 
of transitions. The next three sections draw upon this framework to further 
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assess the processes through which low- energy innovations emerge and diffuse, 
together with their potential impacts on energy demand. In each section, we first 
provide a general conceptualisation of the relevant theme (emergence, diffusion, 
impact) and then highlight research debates. Although Figure 2.1 portrays these 
processes as three consecutive phases, real- world transitions deviate from the 
implied linearity.

Emergence of low- energy innovations

Sociotechnical research on emergence does not focus on the initial invention of 
new knowledge (e.g. from scientific research), but on the early introduction of 
innovations in real- world application domains, labelled ‘niches’ (Kemp et al., 
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Figure 2.1  Multi-level perspective on transitions – illustrating the emergence, diffusion 
and impact of radical innovations as three consecutive circles.

Source: adapted from Geels (2002), with permission.
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1998). The introduction of innovations tends to be difficult because the support-
ive sociotechnical contexts that allow innovations to thrive – e.g. networks of 
institutions, formalised and tacit knowledge, social norms and expectations, design 
standards, financial resources, supportive regulations and so forth – have yet to be 
established. A common manifestation of the absence of supportive contexts for 
innovations is the so- called ‘valley of death’ in innovation financing (Auerswald 
and Branscomb, 2003), where an emerging technology becomes too capital inten-
sive for venture capital firms, while at the same time being too risky for project 
finance. Many novelties fail to cross this chasm or take a very long time to do so.
 According to the Strategic Niche Management approach (Geels and Raven, 
2006; Kemp et al., 1998; Schot and Geels, 2008; Smith and Raven, 2012), the 
creation of ‘niches’ or ‘protective spaces’ is a useful and important means of 
encouraging emerging innovations because they shield those innovations from 
the pressures imposed by the existing system and give them time to mature. 
Such protective spaces allow actors associated with innovations to address and 
reduce a wide range of uncertainties, including:

1 Techno- economic uncertainties: There may be competing technical configu-
rations (EVs, for instance, may use lead acid, nickel metal hydride, lithium 
ion or zinc air batteries), each with different advantages and disadvantages.

2 Finance and investment- related uncertainties: Often it is difficult not only to 
obtain the funding that is necessary for technical development and practical 
experimentation, but also to evaluate the rationality of investments in 
innovations. To attract finance, product champions often make positive 
promises (Geels, 2002) and even expert analysts in technical areas often suffer 
from ‘appraisal optimism’ (Gilbert and Sovacool, 2016; Gross et al., 2013).

3 Cognitive uncertainties: Actors developing niche innovations often have 
different views and perceptions about technical specifications, consumer pref-
erences, infrastructure requirements, future costs, and so forth (Sovacool et 
al., 2017). This ‘interpretive flexibility’ gives rise to debates, disagreements, 
discursive struggles and competing visions (Geels and Verhees, 2011; 
Goldthau and Sovacool, 2016).

4 Social uncertainties: The networks of actors developing niche innovations are 
often unstable and fluid. Actors may enter into partnerships for a few years, 
but then leave if difficulties arise or funding runs out (Olleros, 1986). Start- up 
or spin- off firms may be attracted by new opportunities, but then may also exit 
when economic ventures fail (as they often do in early phases).

To address these uncertainties, three core processes in the development of niche 
innovations have been identified in the literature (see Schot and Geels, 2008, 
for a summary):

•	 Articulation of expectations and visions: Expectations (defined as ‘representa-
tions of future technological situations and capabilities’ (Bakker et al., 
2011)) are considered crucial for niche development because they provide 
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direction to learning processes, attract attention from policymakers, inves-
tors and other actors, and legitimate protection and nurturing (Borup et al., 
2006; Melton et al. 2016; Van Lente, 2012).

•	 Building of social networks: This process is important to create a constituency 
behind an innovation, to facilitate interactions and knowledge exchange 
between relevant stakeholders, and to provide the necessary resources (e.g. 
venture capital, people, and expertise) for further development and sub-
sequent diffusion (Kemp et al., 1998).

•	 Learning processes along multiple dimensions (Sengers et al., 2017), including: 
technical aspects and design specifications; market and user preferences; cul-
tural and symbolic meanings; infrastructure and maintenance requirements; 
production processes; supply chains and distribution networks; regulatory 
standards; societal acceptability and environmental impacts.

Niches gain momentum if: first, visions and expectations become more precise 
and more broadly accepted; second, the alignment of various learning processes 
results in shared expectations and a ‘dominant design’; and third, networks 
increase in size, including the participation of powerful actors that add legiti-
macy and expand resources (Schot and Geels, 2008). These processes of stabili-
sation, acceptance and support and community building tend to occur over 
sequences of concrete demonstration projects, experiences and trials (see Geels 
and Raven, 2006, for one conceptualisation of these processes).
 Having summarised and characterised the niche innovation literature, we 
now identify two research debates that are relevant to the emergence of low- 
energy innovations.

The contribution of outsiders and incumbents to emergence

One debate relates to the role of new entrants relative to actors within incum-
bent regimes such as electric utilities and car manufacturers. The Strategic 
Niche Management (SNM) literature and the grassroots innovation approach 
(Seyfang and Haxeltine, 2012; Smith and Seyfang, 2013) often argue that start- 
ups, civil society organisations and ‘grassroots’ innovators tend to pioneer 
radical niche innovations because they are less ‘locked in’ and willing to think 
‘out of the box’. Incumbent actors, in contrast, focus on incremental innova-
tions that fit easier with existing capabilities, capital investments and interests.
 Recent work, however, has questioned this simple dichotomy, identifying 
many instances where incumbent actors develop radical niche innovations 
(Berggren et al., 2015; Geels et al., 2016). New entrants may also collaborate 
with incumbents in order to draw on their financial resources, technical cap-
abilities and political connections. This may accelerate emergence but also 
entail some ‘mainstreaming’ and weakening of the more radical aspects of the 
innovation (Smith, 2007). The first research debate thus concerns the relative 
importance and roles of new entrants and incumbents in the emergence of low- 
energy niche innovations.
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The role of visions and expectations in emergence

There are different views on sociotechnical visions and expectations, which 
underpins debates about their relative discursive (and material) strengths. Some 
(e.g. Loorbach, 2007) have an operational view and see visions as indicating 
long- term directions of transitions, which can then be explored with short- term 
projects that produce learning outcomes which can be used to adjust and fine- 
tune visions.
 Sociologists of innovation, in contrast, have a more constructivist view that 
emphasises the ‘performative’ roles that visions and expectations play in early 
technological development (Bakker et al., 2011; Borup et al., 2006). Nightingale 
(1998) sees technological optimism and fantasy as an elemental part of the ‘cog-
nitive’ dimension of innovation. Berkhout (2006) qualifies visions as strategic 
‘bids’ for public support, which are an emergent property in all transitions. Van 
Lente (2012) further identifies three roles of expectations: they raise attention 
and legitimate the innovation as worthy of investment and support; they 
provide direction for search and learning processes; and they coordinate action 
in dispersed social networks.
 There are also more critical views that emphasise ‘hype- cycles’ or cycles of 
‘promises- and-disappointment’ and the strategic efforts by firms and engineers 
to push their innovations onto policy agendas by (over)promising their develop-
ment speed and impact. Hype- cycle theory suggests that technologies move 
along a path from a trigger to a peak in expectations, then plummeting into a 
trough of disillusionment before eventually giving rise to a range of somewhat 
more modest expectations (Van Lente, 2012; Van Lente et al., 2013). Hype- 
cycles are one mechanism behind the non- linearity of innovation journeys: 
climate change policies and low- carbon innovations can experience setbacks or 
accelerations, as well as repeated cycles of hype and disappointment, e.g. in low- 
carbon transport, where high hopes of battery–EVs (1990s) were followed by 
fuel cells and hydrogen (early 2000s), biofuels (early 200s), hybrid electric cars 
(mid- 2000s) and battery–EVs again in the early 2010s (Melton et al., 2016). 
This more critical view means that one should not necessarily assume that 
visions are a good basis for transition management. Visions can also be self- 
serving or keep more radical visions off the public agenda.
 As a second research debate, researchers could fruitfully investigate how 
important these different roles of visions and expectations are in the emergence 
of low- energy innovations.

Diffusion of low- energy innovations

The widespread diffusion of low- energy innovations is necessary to achieve 
energy efficiency improvements on a substantial scale. However, large- scale dif-
fusion in mass markets often means ‘head- on’ competition with incumbent 
socio technical systems, which are stabilised through the alignment of existing 
technologies with the business, policy, user and societal contexts. Therefore, the 
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diffusion of low- energy innovations does not happen in an ‘empty’ world, but in 
the context of existing systems and incumbent actors who may pursue active 
resistance (Geels, 2014).
 Another problem is that many low- energy innovations are not intrinsically 
attractive to the majority of consumers, since they are often (initially) more 
expensive and perform less well on key dimensions such as availability (early 
compact florescent lights and then LEDs) cost (early heat pumps or battery–
EVs), or performance. Much of the recent policy interest in low- energy innova-
tion is driven by public good concerns (e.g. sustainability, climate change) 
rather than by private interests (e.g. profit, utility), which implies that diffusion 
is unlikely to be driven solely by economic mechanisms, even with the help of 
carbon pricing. Policy support, cultural discourse and changing social practices 
are likely to be critically important factors as well, which means that a multi- 
dimensional approach is required.
 The MLP conceptualises diffusion as entailing two interacting developments: 
(1) the creation of endogenous momentum of niche innovations; and (2) the 
embedding of niche innovations in wider contexts and environments.
 Endogenous momentum arises gradually from the same processes that drive the 
emergence of innovations, namely: developing larger social networks with 
greater legitimacy and resources; aligning learning processes on multiple dimen-
sions (technical, market, infrastructural, social political, cultural) often resulting 
in a ‘dominant design’; and forming of clear and widely accepted visions of the 
future of the innovation. The gradual shift from the emergence phase to the dif-
fusion phase is characterised by a reversal, with the innovation shifting from 
initial flexibility (when it is fluid and socially shaped) to ‘dynamic rigidity’ 
(Staudenmaier, 1989). Hughes (1987) describes the emerging momentum of new 
systems in terms of an increasing ‘mass’ of technical and organisational compon-
ents, emerging directionality and system goals, and an increasing rate of per-
ceptible growth. Thus, endogenous momentum is driven by multiple and 
reinforcing causal mechanisms including: expansion of social networks and 
bandwagon effects; positive discourses and visions; learning by doing; increasing 
returns to scale; network externalities; strategic games between firms (e.g. ‘jock-
eying for position’); and increasing support from policymakers who see the 
innovation as a way of solving particular problems.
 The diffusion of low- energy innovations also requires embedding within 
policy, social, business and user environments (Deuten et al., 1997). This 
external fit may be difficult to foresee, as Rosenberg (1972, p. 14) noted more 
than 40 years ago: ‘The prediction of how a given invention will fit into the 
social system, the uses to which it will be put, and the alterations it will 
generate, are all extraordinarily difficult intellectual exercises.’ Achieving this 
fit may be especially difficult for more radical niche innovations that face a 
‘mismatch’ with the existing sociotechnical system (Freeman and Perez, 
1988). The process of societal embedding is conceptualised as a co- construction 
process that entails mutual adjustments between the innovation and wider 
contexts (Rip and Kemp, 1998). The degree of adjustment is a question for 
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research: at one extreme end, the innovation is adjusted to fit in existing con-
texts, while, at the other end, the contexts are adjusted to accommodate the 
innovation (Smith and Raven, 2012).
 The distinctive contribution of a sociotechnical approach to diffusion is to 
study the interaction between endogenous mechanisms and embedding in wider 
contexts. Although adoption decisions by individual consumers remain 
important, the sociotechnical perspective focuses upon the activities of a 
broader range of actors and the interrelationships between them. Within this 
literature, we highlight two debates that are relevant to the diffusion of low- 
energy innovations.

Political will and contextual pressures for deliberately 
accelerated diffusion

Ambitious climate targets will require much faster rates of technology diffusion 
than has been achieved in the past, potentially combined with the early retire-
ment of existing technologies and infrastructure. Hence, a critically important 
debate relates to the best way to accelerate the diffusion of low- energy techno-
logies. The German Advisory Council on Global Change (WBGU, 2011, p. 1) 
suggests that technical and policy instruments for low- carbon transitions are 
well developed, but that it is ‘a political task to overcome the barriers of such a 
transformation, and to accelerate the change’. There are different views on the 
nature of this political task.
 One view suggests that accelerated diffusion depends on ‘leadership’ or ‘polit-
ical will’ or courage from policymakers (e.g. Figueres et al., 2017; United 
Nations Climate Change Secretariat, 2016). But such a voluntarist orientation 
places very high hopes on the importance of politicians’ own volition, and it 
reduces everything to politics. It also under- appreciates the fact that policy-
makers are locked- in by policy and wider sociotechnical regimes (Wilson, 2000) 
and tend towards risk avoidance (Howlett, 2014), especially for policies with 
diffuse and distant benefits.
 A second view therefore suggests that it is more important to understand the 
conditions in which policymakers are more likely to introduce decisive policies 
(Meadowcroft, 2016). Conditions for accelerated diffusion may derive from 
external (landscape) shocks that change socio- political priorities and create a 
sense of urgency to accelerate deployment (Delina and Diesendorf, 2013; Sova-
cool, 2016). Pressure for stronger policies may also come from changes in public 
attention or discursive framings, social movement campaigns or from business 
interests that see commercial opportunities in low- carbon innovations (Raven 
et al., 2016; Roberts and Geels, 2018).

Policy mixes for accelerated diffusion

Complementing the political focus above, there is ongoing discussion on how dif-
fusion can be accelerated, which is especially relevant to low- carbon transitions 
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and the time- sensitive problem of climate change (Grubler et al., 2016; Kern 
and Rogge, 2016; Sovacool, 2016). The mainstream climate mitigation liter-
ature (IPCC, 2014) has identified a range of options where strengthened 
policies could help accelerate low- carbon transitions, such as R&D subsidies, 
feed- in tariffs, carbon pricing, performance standards and removing fossil fuel 
subsidies. But views differ on what combination of policy instruments is likely 
to be most effective and the manner in which they should be sequenced 
(Meckling et al., 2017).
 In line with the systemic approach to innovation taken throughout this 
chapter, we also take a systemic view of policy and policymaking. As Kern et al. 
(2017) identify, much of the policy advice literature still focuses on individual 
policy instruments, pairwise instrument interactions or intended policy mixes, 
neglecting the analysis of complex, real- world mixes, their development over 
time, and their consistency and coherency. We agree with Kivimaa and Kern 
(2016) about the need for a comprehensive policy mix, rather than individual, 
isolated instruments that tend to operate in a non- predictable and non- 
synergetic matter. As an example, Givoni et al.’s (2013) exploration of the 
transport sector illustrates that the deliberate and careful combination of mutu-
ally supportive policy packages may result in more effective and efficient out-
comes through increasing public and political acceptability and the likelihood 
of implementation. It is important therefore to look at the whole system of 
policy instruments, to identify positive and negative interactions between pol-
icies, and overall characteristics of policy mixes (such as their coherence, con-
sistency, comprehensiveness or credibility) and investigate how these hinder or 
stimulate the emergence, diffusion and impact of low- energy innovations.

Impact of low- energy innovations

Comprehending the impacts of low- energy innovations on improved efficiency 
or demand is central to public policy: energy efficiency improvements are con-
sidered to be the most promising, fastest, cheapest and safest means to mitigate 
climate change, as well as providing broader benefits, such as improved energy 
security, reduced fuel poverty, and increased economic productivity (Ryan and 
Campbell, 2014). However, compared to the large body of work on emergence 
and diffusion, the analysis of the impacts of low- energy innovations has received 
much less attention from sociotechnical researchers. Authors often emphasise 
the limitations of linear, deterministic approaches to projecting impacts; the fre-
quency with which expectations of impacts are confounded by real- world 
experience (Gilbert and Sovacool, 2016); and the challenges associated with 
both anticipating impacts ex ante and measuring them ex post (McDowall and 
Geels, 2017).
 Quantification of impacts is difficult within complex social systems but may 
nevertheless be feasible for more incremental kinds of innovations within 
restricted spatial and temporal boundaries, e.g. the adoption of condensing 
boilers and the retrofitting of loft and cavity wall insulation (Dowson et al., 
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2012; Hamilton et al., 2013). In these examples, sufficient data exists for the 
historical impacts of these changes to be measured and the relevant systems are 
sufficiently stable for the future impacts to be modelled.
 But establishing the historical or potential future impact of more radical 
innovations over longer periods of time presents much greater difficulties. For 
example, commonly used modelling tools may not capture all of the relevant 
mechanisms (McDowall and Geels, 2017), and certain types of outcomes may 
be difficult or impossible to anticipate (such as Brexit in the UK or the election 
of President Trump in the United States). The impacts of any change within a 
complex system are necessarily mediated through multiple interdependencies, 
time- delayed feedback loops, path dependencies and threshold effects. More 
fundamentally, the basic concept of ‘impact’ is problematic from a sociotech-
nical perspective, because of its connotations of technological determinism – 
with technology impacting on society in a linear and straightforward fashion 
(Rosenberg, 1995).
 Hence, for radical and systemic innovations it is difficult to establish 
causality, assess historical impacts and project future ‘impacts’. While historical 
analysis can provide rich descriptions of the co- evolutionary processes involved, 
the primary lesson is the contingent nature of impacts and our limited ability to 
anticipate them in advance. In this context, authors in the sociotechnical tradi-
tion have focused more upon transition processes than on the ultimate 
(environmental) impacts of those transitions.
 Against this background, we identify two important research debates that are 
relevant to the impact of low- energy innovations.

Rebound effects of low- energy innovations

First, there is a critical debate on the rebound effects from low- energy innova-
tions and the extent to which these may undermine their anticipated climate 
benefits (Sorrell and Dimitropoulos, 2008). Such effects result from mechanisms 
operating at different levels, across geographical scales and over different time 
periods, but only some of these are amenable to quantification. Moreover, atten-
tion to date has focused almost exclusively upon economic mechanisms to the 
neglect of other co- determinants.
 As an illustration, consider the following example from transport systems: 
(a) fuel- efficient cars make travel cheaper, so people may choose to drive further 
and/or more often, thereby offsetting some of the energy savings; (b) joint deci-
sions by consumers and producers may channel the benefits of improved tech-
nology into larger and more powerful cars, rather than more fuel- efficient cars; 
(c) drivers may use the savings on fuel bills to buy other goods and services 
which necessarily require energy to provide; (d) the energy embodied in new 
technologies (e.g. lightly materials) may offset some of the energy savings, espe-
cially when product lifetimes are short; (e) reductions in fuel demand translate 
into lower fuel prices which encourages increased fuel consumption, together 
with changes in incomes, prices, investments and industrial structures 
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throughout the economy; and (f ) more fuel- efficient vehicles deepen the lock- in 
to the sociotechnical system of car- based transportation, with associated and 
reinforcing changes in infrastructure, institutions, regulations, supply chains and 
social practices.
 Rebound is therefore an emergent property of a complex system. A growing 
body of research is exploring mechanisms a- b, and to a lesser extent mechanisms 
c- e in transport and other areas (e.g. Chitnis and Sorrell, 2015; Stapleton et al., 
2016), but this research excludes non- economic mechanisms, tends to be con-
fined to the short to medium term and stops short of assessing the impacts of 
broader changes in the relevant systems. Nevertheless, such studies indicate 
significant departures from anticipated impacts. There is a need to apply the rel-
evant techniques to other innovations, contexts, datasets and time periods, and 
to extend the analysis to include broader psychological, social, institutional and 
other factors that either offset, reinforce or contribute additional rebounds – for 
example, the phenomena of ‘moral licensing’ (Harding and Rapson, 2013; 
Tiefenbeck et al., 2013). More fundamentally, methods need to be found or 
refined to investigate the longer- term impacts of sociotechnical transitions, and 
to evaluate the sustainability claims of proponents of particular low- energy 
innovations. Without more careful investigation of their impacts, such claims 
may rest more on hope than on evidence.

Frameworks for evaluating broader impacts

Low- energy innovations may have wider impacts that go beyond energy demand 
reductions. Although this section is less of a debate, it highlights two research 
approaches (energy justice and exergy economics) that provide frameworks to 
assess these broader impacts.
 The material and social transformations associated with low- energy innova-
tions may involve contestations over what is just, equitable and right. Thus, there 
is a need for frameworks that explore questions of ethics and justice, including 
concern for where, how and with whom new technologies are socially 
embedded. Without a focus on justice, a low- energy revolution may fail to 
acknowledge the burden of not having enough energy, where some individuals 
lack access, are challenged by under- consumption and poverty, and face health 
burdens and shortened lives as a consequence of restricted energy choices 
(Jenkins et al., 2016; Sovacool et al., 2016). While some policies may have 
positive implications for equity and social justice (e.g. insulation retrofits for 
low- income households) others may have negative impacts – for example, sub-
sidies for EVs, solar- photovoltaic (PV) and whole house retrofit often dispropor-
tionately benefit wealthier households.
 Also important are broader debates about energy use, energy efficiency and 
economic growth. One emerging area of research that has the potential to throw 
new light on these issues is ‘exergy economics’ (Ayres and Warr, 2010). This 
approach hinges upon the thermodynamic concept of exergy and the use of 
second- law (systems move towards entropy and disorder) rather than first- law 
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(energy can be neither created nor destroyed) measures of thermodynamic effi-
ciency. The focus is on the useful exergy inputs into national economies – where 
useful exergy is the exergy outputs of end- use conversion devices, such as the 
mechanical drive from an engine or the high- temperature heat from a furnace. 
The core claim of researchers in this area, backed up by an increasing volume of 
empirical research, is that useful exergy drives economic activity (Ayres and Voudaris, 
2014; Kümmel et al., 2015; Laitner, 2015). Increases in useful exergy, in turn, can 
be achieved by using more primary energy, shifting towards higher- quality energy 
carriers (e.g. from coal to oil) and improving energy efficiency. This claim directly 
contradicts orthodox economics that ignores the distinction between energy and 
exergy and ascribes little or no role to energy in explaining economic growth. A 
key implication of this emerging perspective is that energy efficiency improve-
ments by producers may significantly boost economic growth, and that the eco-
nomic importance of those improvements has been undervalued (Brockway et al., 
2017). Clearly, a deeper understanding of this question is important to understand 
the broader economy- wide impacts of low- energy innovations.
 Having discussed six research debates across emergence, diffusion and impact, 
we end with a brief discussion of research and policy implications.

Conclusion and policy implications

A sociotechnical approach focuses upon how radical innovations lead to new 
sociotechnical systems through the co- construction of multiple elements. 
Informed by detailed case studies, this perspective sheds new light on how socio-
technical systems evolve, stabilise and transform through the alignment of 
developments on multiple levels. The themes of emergence, diffusion and 
impacts are useful heuristic devices through which to understand the sociotech-
nical transitions required to accelerate improvements in energy efficiency and 
the means through which these can be encouraged. This introductory chapter 
has explored the sociotechnical conceptualisation of emergence, diffusion and 
impact and identified several research debates within each theme. These themes 
and debates are summarised in Table 2.1, together with the chapters in the book 
that relate to them.
 In conclusion, the innovation, energy, transport and climate policy com-
munities need to improve their analytical understanding of sustainable energy 
transitions and of the policy approaches to encouraging such transitions, espe-
cially in the area of energy efficiency and energy demand. There is a need to 
adopt a broader view of the process, which takes into account learning and 
experimentation, the multiple conditions necessary for systemic change and the 
coalitions of interests that can block or support emerging niche innovations. 
Analysts and policymakers should look beyond carbon pricing as a policy 
panacea and recognise that disagreement and contestation are normal dimen-
sions of low- carbon transitions that need to be accommodated rather than 
ignored. The topic of sustainable energy transitions is too empirically rich and 
socially complex to be left to economists and social psychologists alone.
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