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ABSTRACT 
Immoderate institutional focus on CO2 emissions tends to obscure the energy-density challenge 
implied by the low-carbon economy transition. Such an attention deficit is often apparent in the 
sustainability transitions literature in general and in the multi-level perspective (MLP) in particular. 
The latter characterises the comparatively “benign” conditions of industrial societies which, riding 
the upside of the energy-density curve, did not have any historical concern for sustainability. Yet, 
understanding the down slope of the energy-density curve is the urgent imperative in policy 
decisions and social dialogue around sustainability today.  
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INTRODUCTION 
 
One insightful way to understand the evolution of a society is by looking at the calorific content or 
energy density of the fuels that it burns at each historical stage and what it achieves by doing so 
(Pimentel et al., 1973, 1979, 2008; Leach, 1975). Energy density is the amount of energy per unit 
weight (gravimetric energy density) or per unit volume (volumetric energy density) (Smil 2006, 
MacKay 2009). The organic economies of the 17th century and before typically relied on the low-
energy densities yielded by firewood and phytomass of around 4.4 kWh/Kg (Nef, 1977; Wrigley, 
2006). Modern-society lifestyles, in contrast, are explicable only by the predominance of cheap fossil 
hydrocarbons with energy densities of around 12 kWh/Kg and above (Smil, 2010; MacKay, 2009). 
Meanwhile, it is highly probable that getting off fossil fuels via renewable sources of energy will 
involve a series of large-scale shifts back to lower energy densities (Smil, 2006). If this is the case, an 
obvious question emerges: has this consideration been introduced into sustainability transition 
analysis? 
 
Van den Bergh and colleagues (2011) have recently identified at least four particular theoretical 
frameworks from which sustainability transitions have been studied: 1) the innovation systems 
approach (Jacobsson and Bergek, 2011); 2) the multi-level perspective (MLP)  (Rip and Kemp, 1998; 
Geels, 2002; Geels, 2011) alongside the strategic niche management approach (SNM) (Kemp et al., 
1998); 3) the transition management approach (TM) based on complex systems analysis (Grin et al., 
2010; Rotmans and Loorbach, 2009); and (4) evolutionary-economic views and multi-agent modelling 
of transitions (Safarzynska, 2010; Beddoe et al., 2009; van den Bergh et al., 2006; Frenken and Faber, 
2009). In all these approaches there is an absence of any extended discussion about the energy 
density challenge implied by a sustainability transition.1  Since any sustainability transition is likely to 
necessitate an energy-density transition too, it is at least arguable that socio-technical transitions will 
to some extent be governed by how the energy-density transition plays out. A sketch of our central 
argument therefore runs much as follows: sustainability-transition analysis could benefit greatly from 
bringing a few natural-science elements into play and by being perhaps less “energy-densities 
illiterate” than it is used to. This may be achievable without analytical frameworks necessarily loosing 
their internal consistency or without risking any sort of theoretical saturation or exhaustion as some 
authors appear at times to imply2.  
 
Although there are many insightful energy concepts we could choose from —e.g. energy quality (Hall 
et al., 1986) or energy return on investment (EROI) (Cleveland et al., 1984)—  our sole focus in this 
paper is on the basic notion of energy densities. That is to say, we look at how energy densities are 
helpful to characterise different energy carriers, and how such characterisation is relevant to 
sustainability transitions research. Sustainability transitions research appears to be in need of 
“second-order” type learning whereby “learning takes a step back and questions the values and 
assumptions that frame the configuration of that practice, and draws deeper reflections about the 
underlying approach” (Smith, 2007, p. 429). Energy density considerations —in a similar learning 
spirit— should not be treated as “uncertainties” nor inadvertently bypassed as irrelevant when they 

                                                 
1
 This is unsurprising, as none of them appears to take a serious look at any of the ‘ontological traditions’ supplemented by 

the natural sciences. In this context an ‘ontological tradition’ can be taken to mean ‘a view of the form and nature of reality’ 
(Coast, 1999, p.352).  Although it is true that some  ‘social-science ontologies’ have indeed been investigated as they are 
relevant to socio-technical transitions and the ‘multi-level perspective' (Geels, 2010), little has been investigated at the 
intersection with natural science ontological traditions. To be sure, natural science understandings appear to be, in the 
main, underutilised or ignored in the sustainability transitions literature. As a result of this, some authors are beginning to 
associate some natural science ontologies with a research area they are now labelling “environmental innovation” (van den 
Bergh et al., 2011); the latter  encompassing a wide range of innovation-related disciplines, from environmental/ecological 
economics and energy studies, down to geography,  science and technology studies. 
2
 Consider what has been stated recently—for the case of the MLP; that despite its flexibility as a framework "it  cannot 

(and does not want to) incorporate all social theories" (Geels 2010, p.508).  
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are not. Given the fact that what is known already (through physics and chemistry) about energy-
density limits and possibilities is subject to little or no influence at all from matters of political 
negotiation, social theory, “social construction” or even technological advancement, it is arguable 
that closer attention should be granted to energy density considerations when discussing 
sustainability transitions issues and assumptions.  
 
To substantiate the above claims the paper is divided into two main parts. The first focuses on the 
significance of energy densities for sustainability transitions. It is argued that immoderate 
institutional focus on CO2 emissions has often led to inadequate attention being paid to the energy 
density challenge implied by the low-carbon economy transition. Such an attention-deficit gap is 
often apparent in the sustainability transitions literature in general and in the multilevel perspective 
(MLP) in particular.  At the moment, the MLP, notwithstanding its diverse repertoire of empirical 
case-study applications, unnecessarily fails to accommodate, as a likely parameter, the almost 
imminent system-wide earthquake-like effects of a shift from high to low energy density carriers 
implied —though not always made sufficiently explicit— by a low-carbon economy transition.  
 
It is further argued that the MLP’s conceptual framework draws on historical case studies (horses to 
cars, sailing boats to steamships, small airplanes to jetliners and so forth) inadvertently reflecting 
industrial society’s high-energy-density-carrier consolidation period where high-entropy processes 
typically led to (1) epochal boosts in labour productivity, business profitability and the emergence of 
consumer preferences (2) to the historical emergence of modern economic theory and worldview, 
which effectively puts biophysical limits to economic activity outside its “marginal analysis” radar. 
 
Understandably, —though not necessarily justifiably— holding constant (or simply ignoring) energy-
density considerations allows MLP-type heuristics, to characterise the comparatively benign 
conditions of societies which, riding the upside of the energy-density curve, did not have any 
historical concern for sustainability (neither at the “niche”, “regime” nor “landscape” levels). Such a 
methodological luxury currently imputes considerable costs to the explanatory value of MLP at a 
time when understanding the socio-technical trajectories that are relevant to the down slope of the 
energy-density curve presents itself as an imperative and urgent requirement in policy decisions and 
social dialogue.  
 
In the second part of the paper a simple preliminary reconfiguration of the socio-technical landscape 
is put forward in order to bring energy density considerations into MLP type analyses, hopefully with 
constructive implications for other sustainability-transition approaches. Taking this preliminary 
landscape reconfiguration as a starting point —with a view to refinements— it is possible to 
elucidate high-to-low energy-density transition dynamics alongside stabilizing and destabilizing 
influences at the regime level. 
 
SUSTAINABILITY TRANSITIONS AND MLP: A BRIEF INTRODUCTION  
 
As noted in the introduction, the Multi Level Perspective (MLP) has become one of the core 
conceptual frameworks of the sustainability transitions literature. Indeed, its impact is indicated by 
Shove and Walker’s (2007) characterisation of it as the ‘only game in town’ allied with a plea for a 
more plural theoretical approach to sustainability transitions. The MLP grew out of academic interest 
in the way that protective technological niches are created to support the development of new 
technologies which otherwise would find it difficult to break through or compete in the prevailing 
selection environment (Kemp et al 1998; Rip and Kemp 1998). This approach emphasises the co-
constitutive nature of socio-technical systems and, in particular, the way an 'outsider' innovation can 
stimulate ‘radical’ (systemic) change in the mainstream. The interest in niches therefore reflected 
specific interest in the emergence of new artifactual technologies through ‘bottom up’ processes.  
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Geels (2002) built on this initial interest in niches but attempted to provide a wider framework within 
which they could be situated, drawing on, amongst other disciplines, evolutionary economics and 
science and technology studies.  The MLP is  an attempt to explain the way in which systemic 
transitions take place through the interplay of three different ‘levels’: the niche, regime and 
landscape (Kemp 2010).     
 

 
Figure 1 The multi-level perspective on transitions. Source: Geels (2011) 
  
The regime is intended to reflect the ‘deep structure’ of institutions, rules and actors which are 
responsible for the maintenance of a specific socio-technical system delivering a societal function 
(Geels, 2011). The concept of a technological regime originated in the work of Nelson and Winter 
(1977) as a fundamentally cognitive space that reflected R&D technicians belief about what is 
possible within a given technological system. Within the sustainability transitions literature this has 
been broadened out to reflect not only cognitive rules but also other types of rule (such as economic, 
cultural etc.) that stabilise technological trajectories and systems.  The landscape level reflects the 
exogenous environment that influences the trajectory of both the regime and the niche, capturing 
wider developments in material infrastructure, politics, cultural values and worldviews, demography 
and ecology. As noted above, the niche is the source of learning and experimentation with radical 
innovations. A transition can therefore be understood as major shifts in ‘socio-technical regimes’, or 
the dominant ways in which social needs such as energy supply are fulfilled, due to pressures exerted 
by niches and landscapes on the configuration of the regime (Raven et al  2010). 
 
The MLP is presented as a ‘flexible heuristic’ which can be applied to a range of different socio-
technical transitions and is intended to generalise via recurring patterns and mechanisms (Geels 
2011). It is the ability to generalise transition patterns that underlies its potential use in 
understanding contemporary sustainability transitions. Geels and Schot (2007) have identified four 
'pure form' transition pathways: transformation, de-alignment and re-alignment, technological 
substitution, and reconfiguration. The credibility of the MLP as an analytic tool is grounded in a 
strong historical core, based as it is on a number of case studies (Raven et al 2010). This is based on 
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the methodological approach of Evolutionary Economics where recurrent features of historically 
unique events are generalised in order to abstract broader mechanisms of change (Witt, 2008). 
However, it has also been used to study contemporary transitions, as indicated in Table 1. Precursor 
approaches include: networks of power 1880-1930 (Hughes 1983) or system innovation and the 
laundry (Shove 2004). 
 
Year Author(s) Transition studied 

   

2002 Geels Sailing ships to steamships  (1780-1890)  

2004 Belz  The Swiss agri-food chain (1970-2000)  

2004 Correljé and Verbong From coal to gas in the Dutch gas system  

2004  Hofman, Elzen, Geels The Dutch electricity domain 

2004 Raven Manure digestion co-combustion in Dutch electricity S. 

2005a Geels  Dutch water supply-personal hygiene (1850–1930) 

2005b Geels  Horse-drawn carriages to cars in (1860-1930) 

2005c Geels  Piston engine aircrafts to jetliners (1930-1973) 

2005 Van Driel and Schott  Cargo Handling 

2006a Geels Cesspools to integrated sewer systems (1870–1930) 

2006b Geels  American factory production (1850–1930) 

2007 Geels and Kemp Waste management (1960–2000) in the Netherlands. 

2007 Smith Organic farming / Green building  

2007a Geels  The breakthrough of rock ‘n’ roll music (1930–1970) 

2007b Geels  The Dutch Highway System (1950–2000) 

2007 Verbong and Geels The Dutch electricity system (1960–2004) 

2008 Whitmarsh & Nykyvist Sustainable mobility transitions 

2010 Van Bree et al.  Hydrogen and battery electric vehicles 

2010 Lauridsen & Jørgensen Electronic waste products 

Table 1 Some examples of MLP studies 
 
Table 1 illustrates that to some extent the MLP reflects a framework for understanding processes of 
technological substitution, generally used to explore the diffusion of radical technological artefacts. 
The MLP has been subject to a number of criticisms, including the validity of the historic case studies 
(Genus and Coles 2008) as well as the technology focus in many of the cases (Lawhon and Murphy, 
2011). Geels (2011) has defended the MLP against many of these criticisms arguing that the MLP is a 
not a variance theory but a form of process theory, that analyses event sequences, their timing, and 
the conjectures of event-chains which can be both micro- and macro-scale. In this way, the MLP 
should be seen as an overarching 'plot' for studying transitions, and its main aim is to identify and 
explain recurring patterns and mechanisms. In other words, it suggests that all transitions can be 
potentially understood as the unfolding interplay of three different conceptual levels according to 
idealised pathways. As such it does offer a form of pseudo-variance theory, asserting that all 
transitions can be understood through the interaction of these three levels and the selection-
variation mechanism occurring between niche and regime levels. This implicitly suggests that all 
transitions follow the same fundamental mechanisms, something that Stirling (2011) calls the 
‘apparent tractability’ of the MLP.   
 
The extent to which all socio-technical transitions can be captured by a single heuristic seems highly 
questionable. This contention is based on an anticipation of the significance and impact of energy 
density considerations on the nature of energy transitions. This paper suggests that High Energy 
Density (HED) transitions are materially different to Low Energy Density (LED) transitions. This is 
important for a number of reasons. Contemporary evidence suggests that the energy transition that 
western societies face is fundamentally a shift from a HED to an LED energy system. The ability of the 
MLP to anticipate such a transition is potentially compromised because, as Figure 2 suggests, all of 
the historical case studies on which it has been developed are transitions on the upslope of the 
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energy density curve. The patterns and pathways invoked in the MLP might therefore not apply to a 
HED-to-LED transition, and niche-regime relationship of selection-variation might not be the most 
accurate explanatory model for a HED-to-LED transit.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2  illustrating the case studies linked to the energy curve:  the high-energy-density (HED) to 
low-energy-density (LED) carrier transition.  
 
Indeed, the MLP cases are transitions of increasing energy density. This paper now explains why a 
transition from HED-to-LED technologies is fundamentally different and the implications this has for 
the MLP to reflect the processes by which an HED-to-LED energy transition might take place.    
 
ENERGY DENSITIES  
 
Energy density is the amount of energy per unit weight (gravimetric energy density) or per unit 
volume (volumetric energy density) (Smil 2006, MacKay 2009). Hereafter we refer to high energy 
density (HED) and low energy density (LED) as relative categories, to one another. An energy carrier 
is any means by which energy can be stored prior to consumption or prior to performing useful work 
(or exergy). Fuels, including hydrogen, are not ‘sources of energy’ but energy carriers. Our true 
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(tough job) 
  

No commercially-viable 
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in energy-storage systems  
likely to happen anytime soon. 

Oil era 

 
Post-oil era 

 

High 
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What needs to happen in terms of 
energy densities, social innovation 
and lifestyle change to meet GHG 
emission targets. 

‘Transitions theory’ documented case-studies:  
 
- Networks of power 1880-1930 (Hughes 1983) 
- From sailing ships to steamships  (1780-1890) (Geels 2005) 
- Horse-drawn carriages to cars in (1860-1930)  (Geels 2005) 
- Piston engine aircrafts to jetliners (1930-1973) (Geels 2005) 
- System innovation and the laundry (Shove 2004) 
- Sustainability in the Swiss agri-food chain (Beltz 2004)  
- Coal to gas in the Netherlands (Correlje & Verbong 2004) 

 

No precedents in a modern  
democratic society 

 
(1990’s Cuban crisis being 
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primary source of energy is the sun3. Some well-known HED carriers include petroleum, coal, natural 
gas, hydrogen.  A second energy carrier group, often associated with a transition to renewable forms 
of energy, include electrical batteries, capacitors, springs, pressurized air, phytomass, wood, 
dammed water, flywheels. These are LED carriers because they perform considerably less useful 
work than those in the first group. As simple as it seems, there are many analytical advantages in 
looking at a low-carbon economy transition as an energy density transition too. In fact, many 
examples of contemporary sustainability transition pathways described by the MLP is precisely 
towards lower energy densities. Table 2 shows how a large proportion of the transition pathways 
being developed as part of Dutch sustainability strategies involved moving towards systems that 
utilise low energy density fuels. 
 
Transition platforms* Transition paths 

Chain efficiency 
Goal: savings in the annual use of energy 
in production chains of: 
- 40 à 50 PJ by 2010 
- 150 à 180 PJ by 2030 
- 240 à 300 PJ by 2050 

KE 1: Renewal of production systems  
KE 2: Sustainable paper chains  
KE 3: Sustainable agricultural chains 

Green resources 
Goal: to replace 30% of fossil fuels by 
green resources by 2030 

GG 1: Sustainable biomass production 
GG 2: Biomass import chain 
GG 3: Co-production of chemicals, transport fuel, electricity/heat 
GG 4: Production of SNG 
GG 5: Innovative use of bio based raw materials 

New gas 
Goal: to become the most clean and 
innovative gas country in the world 

NG 1: Energy saving in the built environment  
NG 2: Micro and mini CHP  
NG 3: Clean natural gas  
NG 4: Green gas 

Sustainable mobility Goals: 
• Factor 2 reduction in GHG emissions 
from new vehicles in 2015 
• Factor 3 reduction in GHG emissions for 
the entire automobile fleet 2035 

DM 1: Hybrid and electric vehicles 
DM 2: Bio fuels  
DM 3: Hydrogen vehicles  
DM 4: Intelligent transport systems 

Sustainable electricity 
Goal: A share of renewable energy of 40% 
by 2020 and a CO2-free energy supply by 
2050 

DE 1: Wind onshore  
DE 2: Wind offshore  
DE 3: Solar PV  
DE 4: Centralised  infrastructure 
DE 5: Decentralised infrastructure 

Built environment 
Goal: by 2030 a 30% reduction in the use 
of energy in the built environment, 
compared to 2005 

GO 1: Existing buildings  
GO 2: Innovation  
GO 3: Regulations 

Energy-producing greenhouse 
Goals for 2020: 
• Climate-neutral (new) greenhouses 
• 48% reduction in CO2 emissions  
• Producer of sustainable heat and energy  
- A significant reduction in fossil fuel use 

KE 1: Solar heating  
KE 2: Use of earth heat 
KE 3: Biofuels  
KE 4: Efficient use of light  
KE 5: Cultivation strategies and energy-low crops  
KE 6: Renewable electricity production  
KE 7: Use of CO2 

*A transition platform is place where actors across public and private sectors come together to develop common 
ambitions and transition pathways 

Table 2 Overview of transition pathways in Dutch sustainability strategies. Source: Kemp 
(2010) 
 

 
 

                                                 
3
 Although geothermal is yet another source of primary energy our purpose is to make the useful distinction between what 

people often call sources when they actually mean energy carriers. The sun makes wind and waves and it is also 
transformed and stored into petroleum by biochemical and geophysical processes.  
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Presumably, an energy-density transition is not only about our plans to generate energy but also 
about our plans to store it prior to consumption while making sense of different energy densities4. 
Some additional criteria by which to assess the convenience of different energy carriers include: 
efficiency, lifetime, the maximum rate at which energy can be pumped into or out of the storage 
system; the duration for which energy stays stored in the system, cost and safety considerations 
(MacKay 2009).  To show how we can apply energy-density criteria to the way in which different 
energy worlds, past, present and future, are envisioned, Table 3 brings together a small but 
contrasting range of energy carriers in terms of associated densities.  
 
With this ranking order realistic comparisons between lifestyles choices and technical possibilities 
can be drawn. Note for instance how nuclear-fission electrification in the personal transport, 
agriculture and water sectors would radically change the way people live due to capacity constraints 
implied by hydrocarbon carrier replacement (e.g. pumped storage, batteries, sunlight-to-hydrogen). 
Observe also —even before considering hydrogen-generation and fuel-cell costs5 — how the benefits 
of employing hydrogen as an energy carrier are offset, almost entirely, by the inevitable use of 
cryogenic containers (from 39.4 down to 2.4 kWh/kg). For all its hype, one cannot help but wonder, 
after some hard-nosed energy-density analysis, if achieving a ‘hydrogen economy’ would not also 
entail considerable environmental, social costs, or indeed whether such an economy would bring 
about anything remotely resembling sustainability, however we define it. 

                                                 
4
 Note the difference between storing primary energy (e.g. from sunlight-to-petrol) and storing an energy carrier (e.g. 

keeping petrol in a tank) 
5
 Fuel cells are devices that convert chemical energy from hydrogen and other fuels into electricity. 
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Table 3:  Some properties of storage systems and fuels (energy carriers)  
 
One useful way to describe the evolution of a society is by looking at the energy density of the fuels 
that it burns at each historical stage. For instance, the organic economies of the 17th century6 
characteristically relied on the low-energy densities yielded by firewood and phytomass (around 4.4 
kWh/Kg). Modern-society lifestyles, in contrast, seem only explicable by the predominance of fuels 
with energy densities of 12 kW/ph and above. At the moment, there is a widespread concern with all 
things low-carbon: ‘low‐carbon innovation’, ‘low-carbon technologies’, ‘low‐carbon industries and 
markets’, ‘low-carbon practices’, and services. The list continues to include low-carbon-economy 
transition plans (HM Treasury 2009) and low carbon growth (Stern 2009). Notwithstanding the low-
carbon spree, we can see there are some good reasons why the low-carbon economy transition will 
be first and foremost an energy density transition, most likely from high to low energy density 
carriers. In any case, the former is likely to prevail over the latter. Let us explain first the high-energy-
density carrier consolidation period.  
 

                                                 
6
 This is the term used by Wrigley to describe those economies where ‘all the raw materials which entered into the 

production process were either of animal or vegetable origin, or, if mineral, could only be converted into a form of use to 
man by the expenditure of heat energy derived from wood.’ (Wrigley 2006, p.435) 
 

 
 
ENERGY CALORIFIC VALUE    
CARRIER (kWh/kg)     

   

 
 
Propane 

 
 

13.8 

   

Petrol 13.0     
Diesel oil 12.7     
Kerosene 12.8   ENERGY 

DENSITY 
 

Heating oil 12.8  BATTERY TYPE LIFETIME 

Tyres 8.9   (Wh/kg) (cycles) 

Ethanol 8.2   
nickel-cadmium 

 
45–80 

 
1500 Butter 8.0  

Coal 8.0  Nickel-metal hydride  60–120 300–500 
Methanol 5.5  lead-acid 30–50 200–300 
Hardwood 5.0  lithium-ion 110–160 300–500 
Newspaper 4.9  lithium-ion-polymer 100–130 300–500 
Cardboard 4.5  reusable alkaline 80 50 
Firewood 4.4     
Straw 4.2     
White office paper 4.0     
Municipal waste 2.6     
Hydrogen* *39.4     
Natural gas* *14.8     

 
 
*These energy densities don’t include the masses of the energy systems’ containers.  Taking into 
account the weight of a cryogenic tank for holding hydrogen, the energy  density of hydrogen is 
reduced 39 kWh/kg to roughly 2.4 kWh/kg. Something less dramatic occurs with natural gas. 
Source: compiled and adapted from MacKay (2009) 

High 

Low 
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The high-energy-density carrier transition (1600 - 2010) 
Since at least the Renaissance, we have been substituting modern energy carriers (starting with coal) 
for traditional ones, such as food, windmills and firewood, more or less like in Figure 3. Hydrocarbon 
predominance clearly coincides with both the industrial age and the modern world as we know it. 
Even if Climate Change was not in the agenda fossil fuels are finite and we would still be facing two 
challenges. First, bringing renewable energy back into the mix (plus a few technology updates) and 
two, doing so while considering the economic and lifestyle implications of phasing out hydrocarbons 
in our current modern age (as opposed to say, somewhere during the first half of Figure 3). These 
challenges have been felt since the 1970s. 
 

 
Figure 3: Energy consumption by carrier in England and Wales (1561-1993) Source: Warde (2007) 
 
This time, however, CO2 emissions have been added to the picture arguably confusing some 
elemental aspects in a basic analysis. That is to say, energy strategists and politicians are envisioning 
the challenge for the coming decades much as in Figure 4 (which is meant to be descriptive rather 
than analytical). Presumably, the key messages to come out of such strategies are that efficiency 
gains are to be coupled with widespread electrification in many sectors and with the increased use of 
renewable energy. At that point however, a third issue —a rather critical one—  needs to be 
considered if those key messages are to be in the right operative mode. That is to say, the low energy 
density carrier transition implied by a switch to renewables —as part of a low carbon transition 
strategy— must be put higher in the research, policy and public dialogue agendas. This issue will 
hardly be an optional one, and its place in the agenda is likely to become higher in years to come. 
The remainder of section 3 will provide a short but substantive outline as to why this will be the case. 
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Figure 4 Evolution of energy supply showing key developments  (2000-2050) This is not a forecast, 
its use here is meant to be descriptive rather than analytical.  Source: WWF the energy report 2011 
(Ecofys Energy Scenario). 
 
HED: energy carriers and storage  
Perhaps one of the most significant distinctions between a HED and LED transition is that HED fossil 
fuels spare us, not one, but two troubles, energy collection and energy storage. So whenever analysts 
refer to a ‘transition to renewables’, not one, but two problems must be addressed. The latter, 
storage, as we have seen, is far from being an ‘ancillary problem’ once we solve the energy 
generation problem. For example, Denmark's wind power complex, which uses neighbouring 
countries' hydroelectric facilities to store its intermittently-generated wind energy (Nielsen, 2002). 
Solar, wave and tidal energy generation are not exempt from similar challenges. When the energy 
source is intermittent and located in an isolated area which cannot be connected to the distribution 
network, storage becomes crucial (Ibrahim et al., 2008).  Hydrocarbon carriers, in contrast, present 
none of these problems: before human history sunlight was captured by vegetable photosynthesis; 
neatly stored and secured underground in vast quantities, sparing us at once the troubles of 
generation and storage. 
 
Consider the case of powering an electric car with electric batteries (i.e. LED carriers); So far electric 
vehicles (EVs) have been presented as a costly but not too radical a shift away from our current 
transportation habits; brand new EV will only be relatively heavier and less roomy in the boot. In 
principle, subsidies will be phased out as economies of scale make electric vehicles more affordable 
and ubiquitous. Take now the case of a society that has to run a whole industry sector or indeed its 
whole economy on LED carriers. Notwithstanding the gravity and likelihood presented by these 
challenges, what a remarkable number of analysts, technology lobbyists and scientists seem to be, 
either too disingenuous or too dangerously optimistic about, is the extent to which society should 
trust in the inevitability of a commercially viable technological breakthrough —of nothing short of 
magical proportions— happening in the foreseeable future; particularly in energy storage systems 
and energy carrier manufacturing. For instance some scientists claim to have cracked the problem of 
producing hydrogen with photo-catalysis (Heyduk and Nocera, 2001; Nocera, 2009) or with green 
algae (Amos, 2004) for the purposes of micro-generation at home (Nocera, 2009). Similarly, although 
it is true that some LED technologies (e.g. solar thermal) are likely to play a role compensating for the 
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loss of HED electricity availability, home micro-generation is unlikely to replace HED power supply 
capacity. 
 
The evidence about hydrogen-fuel cell household micro-energy systems replacing current centralised 
HED power supply infrastructure seems at the moment highly contradictory and highly politicised. 
Claims about such technologies' commercial availability are typically accompanied by the ‘economics 
of scale’ argument, and as we have seen this is an argument which takes future income growth for 
granted at a time when hydrocarbons are to be phased out (see section 3.4 below). It is true that 
some improvements in storage capacity are still possible, but the physical boundaries of energy 
density in materials and fluids shown in Table 1 are fairly well known already and digits are unlikely 
to move much from where they are now (Smil, 2006; MacKay 2009). There are reasons to believe 
that if such a technological breakthrough in energy carrier and storage systems does not come about 
soon enough, the global imperative for emission abatement and/or resource depletion will lead us to 
a HED-to-LED type of transition almost inevitably.  
 
Such a transition will be burdened by four additional factors: the sheer scale of the shift; the 
intermittency of renewable source flows; the uneven distribution of renewable energy resources and 
last but not least, the substantially lower power density of renewable energy collection, that is to say 
the rate of production per unit of land area (Smil 2006).  
 
The implication is that a HED-to-LED transition requires the simultaneous co-evolution of multiple 
regimes, both in terms of the application of LED technologies (e.g. electric cars) and energy storage. 
A transition in the former is dependent on the latter. This is something that Geels (2011, 35) has 
recognised, noting that the electric vehicle and battery regimes are linked, and suggesting that multi-
regime analysis is an ‘understudied but promising topic’7. However, acknowledgment of the 
significance of energy densities to transition processes would suggest that multi-regime analysis 
should not simply be an interesting sub-branch of MLP based studies but is instead fundamental to 
understand any purported energy transition. In other words, an HED-to-LED transition will inevitably 
involve the transition and co-evolution of multiple regimes. This requires that multi-regime analysis is 
central to any analytical frameworks which seek to anticipate or understand the processes. 
 
This is something that has not been explicitly recognised in the sustainability transitions literature to 
date, with work on, for example, the electricity system treating it as a single regime transition (see 
Verbong and Geels 2007, 2010; Hoffman and Elzen, 2010). The closest that these examples get to 
recognising the implications of a HED-to-LED transition is Hofman and Elzen’s (2010) suggestion that 
the transition is likely to involve the linkage of multiple technologies. Empirically this can be indicated 
by the discourse and technological development work being undertaken around ‘smart grids’. Such 
grids reflect the potential intersection of multiple systems and novel technologies (EASAC, 2009). 
Furthermore, they are generally envisaged as transnational, at least in the case of Europe. Such cases 
present a problem for the MLP as currently formulated, not least because cases studies tend to be 
based on national analyses. Furthermore, the fact that the regime is a somewhat under-theorised 
concept (Genus and Coles 2008; Geels 2011) means that further work is required to understand the 
interaction of multiple regimes8. 
 
The role of historical case studies in the MLP 
Two particular difficulties arise from the MLP's origin in historical case studies based on transitions in 
the direction of increasing energy density. The first is methodological and can be summarised in 

                                                 
7
 There are a few papers on multi-regimes but most of these only deal with the intersection of two regimes at the national 

level.  
8
 See Konrad et al 2008; Raven and Verbong 2009, 2007; and Raven 2007 for some pioneering work on inter-regime 

connections and transitions.  
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Popper's criticism of historicism and is related to a long-standing debate in evolutionary economics 
on the status of historical analyses. Contending that all historical analysis is necessarily interpretive 
and thus not testable, Popper denies the possibility that historical analysis can be elevated to theory 
(Popper, 1957). In this view, abstracting idealised mechanisms of change from history is heresy. This 
has been countered by Evolutionary Economists via the argument that it is not historical events as 
such that are generalised, rather it is rules and rule-following (Dopfer et al., 2004). The evolution of 
the economy (and any socio-technical system) is driven by the adoption and adaptation of rules that 
are, at least to some extent, generic. In this way, patterns arise that can be explained by general 
hypotheses.  
 
However, it may be that evolutionary theories of innovation, which use the mechanism of selection-
variation to explain patterns of rule-following, may not be the best to explain socio-cultural 
innovations because they simplify organisational change at the expense of more important rule-
making and -breaking processes such as structured negotiations (Lane et al., 2009). This leads to the 
ontological problematic that the 'levels' perspective that arises from the selection-variation approach 
could potentially misrepresent socio-technical development because 'scale' is ultimately socially 
constructed (Latour, 1993) and social phenomena may be better theorised as occurring on the same 
'level', whether the phenomena is large or small (Jørgensen 2012; Schatzki, forthcoming). As an 
empirically informed framework, the MLP must confront these criticisms. 
 
If these problems can be worked around and we accept that the idealised pathways which the MLP 
have theorised are both accurate and have predictive capacity, a second problem remains. The case 
studies on which the MLP is based are all found on the upslope of the energy density curve. In other 
words, all other things being equal, the innovations deliver an increased level of exergy. 
Fundamentally, what the detailed MLP analyses eloquently explain, is how new technologies are able 
to overcome the ‘barriers to entry’ presented by the incumbent (but fundamentally – in pure energy 
density terms – inferior) technology. None of the cases illustrate a transition from a HED-to-LED 
technology where the exergonic advantage lies with the incumbent technology. It may be that the 
processes of transition unfold in similar ways, but without empirical evidence, we cannot be certain. 
It is reasonable, however, to assume that the sheer scale of the transition across multiple, inter-
connected regimes and the nature of a transition toward lower energy densities alter relations and 
patterns as they are expressed in the MLP fundamentally. 
 
Until there is evidence that the pathways which are derived from analysis of LED-to-HED transitions 
apply to HED-to-LED transitions also, caution should be taken in transferring historically abstracted 
transition mechanisms to current and future socio-technical changes. The extent to which a country’s 
energy mix includes a LED energy portfolio will determine the extent to which it will have to prepare 
itself to run economic activities, manage infrastructure systems, generate employment – in short 
reorganise the whole fabric of society – around new energy availabilities. The character and 
development of such transitions may or may not be known to us, but the stakes are too high not to 
contemplate the meaning of energy densities for these changes. Changes in a given socio-technical 
system are intractably linked to simultaneous changes in co-evolving systems, with energy storage 
the heart of this nexus. This has profound implications for transition analysis. 
 
 
Energy economics of transitions  
What seems different about the prospect of a low-carbon transition —if it really is what societies 
want— is our very dependence on the high energy density of fossil fuels to run the whole economic 
system (Ayres, 1998; Ayres, Warr 2009) together with large-scale, country-wide migration to wholly 
new energy generation and storage infrastructures (Cleveland, 2008; MacKay, 2009; Reynolds, 1994). 
The most important problem with ‘economics of scale’ in a transition to an economy run on anything 
other than hydrocarbons is this: long run consumer preferences for any sort of low carbon 
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technology will be dependent upon personal incomes. Future income forecasts rely on our ability to 
forecast long-term growth; and the basic model of economic growth guiding policy today is ‘the 
(1956) Nobel prize winning work of Robert Solow that does not include natural resources at all’ 
(Stern 2004 p. 38). According to Solow’s model, the only cause of continuing economic growth is 
technological progress. Half a century later it has been shown that useful work (or exergy) derived 
from hydrocarbons has been the true economic growth driver of modern industrialised societies 
(Ayres and Warr 2009; Stern 2011). As Ayres and Warr point out:  
 

‘Most people nowadays believe in economic growth for much the same reason they 
believe in God or in the power of prayer: it is politically proper *…+ the easiest 
assumption about the future, ceteris paribus, is that it will be like the past. *…+ Given a 
200-plus year history of steady economic growth, it is fairly natural to assume that the 
historical trend will continue. Governments, businesses and institutions are now, and 
have been for several decades, effectively addicted to the presumption of perpetual and 
inevitable economic growth’ (Ayres and Warr, 2009 , p. xvii). 

 
Technically speaking, if a government were to shift to renewable energy overnight the water system 
alone, bereft of the far superior exergy delivered by HED fuels to run its whole infrastructure, will 
most probably bring the whole economy to a halt followed by collapse (Smil, 2006; Ayres and Warr, 
2009). In a HED-to-LED transition systemic changes across the food chain would seem inevitable. 
Even if food security policies were implemented to maintain industrial agriculture as we know it 
(intensive use of synthetic fertilizers, pesticides, machinery) systemic forces on which the food chain 
relies (e.g. transport and water system and infrastructure, international markets) would eventually 
force society to change course. The way food security is envisioned would not be untouched by such 
qualitative and quantitative transformations in the food chain. The possibility that the UK could keep 
importing 40% of its food while maintaining today’s dietary habits would appear at least technically 
challenging (Jones and Crane, 2009). 
 
The argument here is that the MLP is based on an economic ontology that overlooks the 
fundamental connection between the economy and energy inputs. In other words, the economic 
growth of the last 200 hundred years has been underpinned by large quantities of low entropy 
energy (Jackson, 2009; Victor, 2008). All of the historical case studies in Table 1 from which the MLP 
draws its validity, are transitions that have taken place within the context of this low entropy, growth 
based epoch, with growing capitalist economies as the selection environment for novel innovations. 
Within the model, this context is ‘blackboxed’ within the level of the landscape. The question this 
raises is the extent to which an HED-to-LED transition might be different because of a shortage/shift 
away from HED energy sources. One possibility is that transition may well be one of ‘degrowth’, 
whether by design or default. Degrowth provides a fundamentally different macro-economic context 
under which socio-technical transitions might take place (Victor, 2008; Jackson, 2009). It raises 
questions about the tractability of the MLP whilst highlighting that it is derived from an often 
unacknowledged but specific socio-economic context. 
 
At the most basic level is the fact that any kind of transition will require significant public financial 
investment in infrastructure as was the case in many of the historic MLP case studies  (Meadowcroft, 
2011). It is not clear how such investment will be possible without substantial inputs of HED energy 
stock. In other words, it may mean that it is difficult to deploy LED technologies or infrastructure on 
any meaningful scale. Furthermore, it suggests that this shift may therefore have fundamental 
effects on an economic system that requires growth for its stability (Douthwaite 2011). Again this 
suggests the co-implication of both energy and economic systems in future transitions. Furthermore, 
it is possible that, unlike HED transitions, a HED–LED transition might entail decreasing (as opposed 
to increasing) socio-cultural complexity. Such a reduced complexity has been associated by some 
authors with the widespread inability to solve problems ultimately leading to social ‘collapse’ (Tainter 
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1988).  Tainter (2011) makes the case of the Roman empire falling prey of such conditionings. A 
blindness to the significance of energy economics puts such possibilities outside the purview of the 
MLP.    
 
CONCLUDING REMARKS  
 
This paper has sought to highlight the relevance of understanding an incorporating energy densities 
into the theorising and modelling of sustainability transitions. It has done so with specific reference 
to the MLP, one of the main heuristics for analysing potential socio-technical transitions. However, 
the underlying argument is also true of the wider literature. Ultimately the MLP fails to address the 
requirement of consilience, that is to say, the methods and assumptions of any field of study are 
robust to the extent that they are consistent with the known and accepted facts in other disciplines 
(Wilson, 1998). Transitions theory in general, and the multilevel perspective (MLP) in particular, fail 
to accommodate in its model the transition from high to low energy density carriers typically implied 
(though lamentably not always made sufficiently explicit) by a low-carbon economy transition. 
 
The MLP model draws on historical case studies typically reflecting society’s high-energy-density-
carrier consolidation period, viz., the transition from sailing ships to steamships (1780-1890), from 
horse-drawn carriages to automobiles in America (1860-1930) and from piston engine aircraft to 
jetliners (1930-1973). Holding constant (or simply ignoring) the energy-density variable, allows the 
MLP model to characterise the comparatively benign conditions of societies which, riding the upside 
of the energy-density curve, did not have any historical concern for sustainability. Such exquisite 
methodological luxury, it is argued, can be neither affordable nor elegant at a time when modelling 
the downside of the energy-density curve presents itself as manifestly imperative and urgent.  
 
This analysis has sought to raise the question about the utility of the MLP in anticipating the 
processes of sustainability transitions. As the existing case studies illustrate, the MLP is able to 
provide a rich ex post accounts of historic occurrences of technology substitution, accounts which 
are contextualised and highlight the socio-cultural contingency of innovation pathways (Bijker et al, 
1987). However, this paper questions whether such historical transitions do genuinely provide a 
template for future shifts in socio-technical systems. Fundamentally, this is because, despite its 
admirable breadth, the MLP as currently conceived, still reflects too narrow a lens to understand the 
kind of transition that will be required by an HED-to-LED shift.  Primarily this is because what is being 
reflected is a transition that is going to require simultaneous shifting of regimes with the energy 
system (and the emergence of a ‘new’ energy storage socio-technical systems) as fundamental to 
these shifts. This means that understanding intra-regime interactions is fundamental to the 
modelling of sustainability transitions not a subsidiary activity.  It also suggests a focus on the 
emergence of new regimes, regime interaction and trans-national regime building. To put it another 
way, an HED-to-LED transition reflects more a ‘transformation’ than a ‘transition’ (Stirling 2011).  
 
Secondly, the tractability of the MLP is undermined by the economic impact of HED fuels which 
underpin the historic case studies. A shift to LED suggests the emergence of a fundamentally 
different (energy) economy and questions the generalisability of the MLP. For some, this questions 
the very ability of Western European governments to make the kind of managed transitions that are 
required (Rip 2006).  At the very least, it highlights an implicit ecological modernist optimism within 
the MLP that the background conditions which supported previous transitions are unchanging and 
immutable. This has at least two theoretical implications. The first is that the relevance of the 
economy (and its connection to the economy) are too significant to be consigned to a exogenous 
variable as it currently is within the MLP. There are critical relationships between energy and political 
economy that need to be acknowledged. On the one hand an LED transition may lead to a new form 
of (energy) economy emerging which is substantively different to the last few centuries of HED 
fuelled capitalist expansion. On the other, the dependence of capitalist economic stability on HED 
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inputs may act as a significant impediment to shifts to low carbon systems. Either way it suggests 
that the bottom up bias of the MLP – something that has been recognised (Geels 2011) – needs to be 
addressed by greater attention to the political economy of transitions.  
 
One implication of this paper is the necessity for other case studies. To search out examples of HED-
to-LED transitions, or at least for some indication, scenarios where there has been a decrease in the 
availability of HED fuel stock. Reviews of the historical record suggest that such examples are scarce, 
especially in modern times. Cuba’s adaption to the collapse of the Soviet Union is one example 
commonly cited in the ‘Peak Oil’ literature (e.g. Heinberg 2006). This example illustrates some of the 
points made above: it was a landscape driven ‘transition’ that had multiple regime implications and 
which lead to a certain degree of ‘collapse’ —in Tainter’s (2011) terms—. It also occurred within a 
very different political economic context. It may be that such cases have more to tell us about the 
nature of future HED-to-LED transitions. Contrastingly, it may be that technological advance and 
economic imperative conspire to keep the HED lights on. That ‘clean’ coal or shale gas can fill the gap 
left by declining fossil fuels. The MLP may well prove useful in anticipating the shape of such 
transitions, but the extent to which they will be low carbon, or indeed ‘sustainable’ is a question that 
remains to be answered. 
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