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Global	  energy	  challenges	  require	  rapid	  and	  
profound	  system	  transforma,on	  

CLIMATE	  CHANGE	  
limit	  warming	  to	  2oC	  
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cleaner	  air,	  fewer	  par=culates	  

ENERGY	  SECURITY	  
more	  diverse,	  less	  import-‐dependence	  

ACCESS	  &	  AFFORDABILITY	  
electricity	  &	  clean	  cooking	  for	  all	  
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Decarbonisa=on	  is	  essen=al	  …	  but	  energy	  resource	  
subs,tu,ons	  historically	  have	  taken	  many	  decades	  

Fig 1.10, Grubler et al. (2012). Chapter 1 - Energy Primer. The Global Energy Assessment. CUP. 

(1)	  biomass	  to	  coal	  
[the	  steam	  revolu-on]	  

(2)	  coal	  to	  oil,	  gas,	  elec.	  
[the	  end-‐use	  revolu-on]	  

(3)	  fossil	  fuels	  to	  ..	  
[low	  C	  revolu-on?!]	  
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Measure	  

Conven=onal	  wisdom	  is	  that	  energy	  transi,ons	  are	  
very	  lengthy	  processes	  

Grubler et al. (2016). ERSS 22: 18-25. 

∆t	  (1	  to	  50%	  market	  
share)	  of	  global	  
primary	  energy	  

Time	   Defini,on	  
change	  in	  the	  state	  of	  an	  
energy	  system	  

>80	  years	  

Wilson & Grubler (2016). Technology & Innovation for 
Sustainable Development. UN & Bloomsbury. 

Smil (2016). ERSS 22. 

first	  introduc=on	  
to	  25%	  market	  
share	  

new	  resource	  or	  prime	  mover	  
rises	  to	  claim	  substan=al	  
market	  share	  

>80	  years	  

Smil (2016). Energy Transitions. Praeger. 

Fouquet (2016). ERSS 22: 7-12. 

5	  to	  80%	  of	  energy	  
consump=on	  for	  an	  
energy	  service	  

switch	  in	  dependency	  on	  a	  
series	  of	  energy	  resources	  and	  
end-‐use	  technologies	  

>50	  years	  

Fouquet (2010). Energy Policy 38: 6586-6596. +	  >	  40	  years	  from	  introduc9on	  



Recent	  (and	  ongoing)	  argument	  that	  evidence	  shows	  
observed	  and	  future	  energy	  transi=ons	  can	  be	  rapid	  

observed	  transi=ons	  
	  
ê	  
	  

lessons	  from	  history	  
	  
ê	  
	  

poten=al	  future	  transi=ons	  
	  
ê	  
	  

insights	  for	  1.5oC	  mi=ga=on	  
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a  b  s  t  r  a  c  t

Transitioning  away  from  our  current  global  energy  system  is  of  paramount  importance.  The  speed  at
which  a  transition  can take  place—its  timing,  or  temporal  dynamics—is  a  critical  element  of  considera-
tion.  This  study  therefore  investigates  the  issue  of time  in global  and national  energy  transitions  by  asking:
What  does  the  mainstream  academic  literature  suggest  about  the  time  scale  of energy transitions?  Addi-
tionally,  what  does  some  of the  more  recent  empirical  data related  to  transitions  say,  or challenge,  about
conventional  views?  In answering  these  questions,  the  article  presents  a  “mainstream”  view  of  energy
transitions  as  long,  protracted  affairs,  often  taking  decades  to  centuries  to occur.  However,  the article  then
offers some  empirical  evidence  that  the  predominant  view  of  timing  may  not  always  be  supported  by
the  evidence.  With  this  in  mind,  the final  part  of the  article  argues  for more  transparent  conceptions  and
definitions  of  energy  transitions,  and  it  asks  for  analysis  that recognizes  the  causal  complexity  underlying
them.

© 2015  The  Author.  Published  by  Elsevier  Ltd.  This  is an  open  access  article  under  the CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Transitioning away from our current global energy system is of
paramount importance [1]. As Grubler compellingly writes, “the
need for the ‘next’ energy transition is widely apparent as current
energy systems are simply unsustainable on all accounts of social,
economic, and environmental criteria [2]”. And as Miller et al. add,
“the future of energy systems is one of the central policy challenges
facing industrial countries [3]”. Unfortunately, however, neither
private markets nor government agencies seem likely to spur a
transition on their own [4]. Moreover, transitions to newer, cleaner
energy systems such as sources of renewable electricity [5,6] or
electric vehicles [7,8] often require significant shifts not only in
technology, but in political regulations, tariffs and pricing regimes,
and the behavior of users and adopters.

The speed at which a transition can take place—its timing, or
temporal dynamics—is a vital element of consideration. According
to the International Energy Agency, for example, if “action to reduce
CO2 emissions is not taken before 2017, all the allowable CO2 emis-
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sions would be locked-in by energy infrastructure existing at that
time [9]”. In other words, if a transition does not occur quickly, or
soon, it may  be too late. Giddens went so far as to call this the “cli-
mate paradox”, the fact that by the time humanity may  come to
fully realize how much they need to shift to low-carbon forms of
energy, they will have already passed the point of no return [10].

This study, therefore, investigates the critical issue of time in
global and national energy transitions. Although other elements of
transitions such as their scale, magnitude, direction, drivers, actors,
and mechanisms are touched upon when exploring this theme,
the article’s central purpose is to ask: What does the mainstream
academic literature suggest about the time scale of energy transi-
tions? In addition, what does some of the more recent empirical
data related to transitions say, or challenge, about the mainstream
view?

In answering these questions, the article proceeds as follows. It
begins by presenting a mainstream view of energy transitions as
long, protracted affairs, often taking decades to centuries to occur.
Part of this argument draws from the history of previous major
energy transitions such as the switch from wood to coal or coal to
oil. Part of this argument also draws on the sheer scale and com-
plexity involved in major transitions, as well as the tendency for
new systems to face the “lock-in” or “path dependency” of existing
systems. However, the article then offers some empirical evidence
that the predominant view of timing may  not always be supported
by the evidence. The second half of the paper shows that there have

http://dx.doi.org/10.1016/j.erss.2015.12.020
2214-6296/© 2015 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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market, we will likely have to [combat global warming] with tech-
nologies that are already developed [84].

Gorte and Kaarsberg also remark that research and development
on energy technologies “usually takes years to pay off . . . the piper
is paid five, ten, or more years in the future [85]”.

Thus, when many scholars conceptualize the temporal dynam-
ics of a historical or even future transition, they presume that shifts
and changes will take many, many years, since so many discrete
alterations need to accumulate and align. As Smil remarks, “it is
impossible to displace [the world’s fossil-fuel-based energy] super-
system in a decade or two—or five, for that matter. Replacing it with
an equally extensive and reliable alternative based on renewable
energy flows is a task that will require decades of expensive com-
mitment. It is the work of generations of engineers [77]”. In another
article, Smil writes that “all energy transitions have one thing in
common: They are prolonged affairs that take decades to accom-
plish, and the greater the scale of prevailing uses and conversions,
the longer the substitutions will take [86]”. One review of fourteen
historical transitions concluded that “the process from technolog-
ical innovation to niche market to dominance took a minimum of
40 years” for single systems and that “an aggregate energy transi-
tion, involving the entire economy, could take centuries [87]”. As
Grubler echoed in his review of the literature, “The fact that his-
torical energy transitions have taken many decades, even above a
century to unfold is a by now widely shared insight [88]”. Fouquet
and Perason opine that energy transitions “have in the past tended
to be relatively rare events whose complex and long drawn-out
processes unfolded over decades and sometimes centuries [89]”.
The Global Energy Assessment, a major international, interdisci-
plinary effort to better understand energy systems in 2012, notes
that “transformations in energy systems” are “long-term change
processes” on the scale of decades or even centuries [90]. This view
holds that, as two Stanford University scientists write, “it appears
that there is no quick fix; energy system transitions are intrinsically
slow [91]”. Grubb et al. [92] Allen [93], and Rubio and Folchi [94]
also each argue that energy transitions are gradual and sluggish
processes that take upwards of 75 or even 130 years to occur. Fast
transitions, when they occur at all, are considered anomalies, lim-
ited to countries with very small populations or unique contextual
circumstances that can hardly be replicated elsewhere.

3. The timing of energy transitions: conflicting evidence

Contrary to the legitimate reasons and arguments presented in
favor of the longevity of energy transitions, some empirical data
suggests that under certain conditions, they can occur rather speed-
ily. This data tends to support three arguments in favor of rapid
transition: (1) we have seen fast transitions in terms of energy
end-use and prime movers, (2) examples of rapid national-scale
transitions in energy supply do populate the historical record, (3)
the drivers of future transitions may  differ fundamentally from
the drivers of historical transitions; we can sufficiently learn from
previous trends so that favorable future energy transitions can be
expedited.

The first part of this section of the article explores no less than
ten “quick” energy transitions – broadly defined – five of them
focused on end-use devices such as lighting and air conditioning,
five of them focused on national energy, electricity, or heating sys-
tems such as oil and electricity in Kuwait, cogeneration in Denmark,
and nuclear power in France. Table 4 provides an overview of these
cases, which collectively impacted more than 967 million people.
As Araujo writes, “countries can, in fact, alter their energy balance
in a significant way – stressing low carbon energy sources – in
much less time than many decision-makers might imagine. Critical
substitution shifts within [Brazil, France, Denmark, and Iceland]

Fig. 3. Market Change and Market Share of Energy-Efficient Ballasts in Sweden,
1986–2000.
Source: Ref. [98]

were accomplished often in less than 15 years. Moreover, these
transitions were effectuated even amidst circumstances at times
involving highly complex energy technologies [95]”.

3.1. Rapid transitions in prime movers

At least five transitions in end-use devices, or prime movers,
have occurred with remarkable rapidity: lighting in Sweden, cook-
stoves in China, liquefied petroleum gas stoves in Indonesia,
ethanol vehicles in Brazil, and air conditioning in the United States.

Sweden was able to phase in an almost complete shift to energy
efficient lighting in commercial buildings in about 9 years. Swedish
Energy Authorities arranged for the procurement of high-frequency
electronic ballasts for lights in office buildings, commercial enter-
prises, schools, and hospitals, which saved 30–70% compared to
ordinary ballasts, in 1991 [96]. They used a multi-pronged approach
of standardization and quality assurance, direct procurement,
stakeholder involvement, and demonstrations to disseminate those
ballasts. They began by collaborating with experts to develop a
list of lighting quality factors for commercial buildings, and then
asked for competitive tenders from manufacturers that met  these
standards. Then, the government directly purchased almost 30,000
units in a pilot phase, and worked with real estate management
companies (for new buildings) and owners of public, commer-
cial and industrial buildings (for retrofits) to ensure that they
were installed [97]. After the pilot phase, they promoted distri-
bution through government subsidies, sponsored demonstrations
of the technology among the commercial sector, and involved con-
sumer groups in discounted bulk purchases. Due to these concerted
efforts, self-supporting volume effects were reached as early as
1996, catalyzing very rapid market penetration which jumped from
about 10% that year to almost 70% by 2000 (the last year Lund
analyzed)—growth exhibited by Fig. 3 . In essence, this meant that
between 1991 and 2000, 2.3 million Swedish workers experienced
changes in the lights at their offices.

The Chinese Ministry of Agriculture sponsored an even more
impressive National Improved Stove Program (NISP), managed
by the Bureau of Environmental Protection and Energy (BEPE),
from 1983 to 1998 [99,100]. The BEPE adopted a “self-building,
self-managing, self-using” policy focused on having rural people
themselves invent, distribute, and care for energy-efficient cook-
stoves, and it set up pilot programs in hundreds of rural provinces.
From the start of the program until 1998, the NISP was responsible
for the installation of 185 million improved cookstoves and facili-
tated the penetration of improved stoves from less than one 1% of
the Chinese market in 1982 to more than 80% by 1998—reaching
half a billion people, as Table 5 shows. The cookstoves being
installed in China in 1994, during the height of the program,

Lund (2007). Energy Policy 35: 627-639. 
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Historical	  evidence	  of	  five	  rapid	  end-‐use	  transi=ons	  …	  
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Have	  historical	  energy	  transi=ons	  been	  rapid?	  
And	  what	  can	  we	  learn	  for	  low	  carbon	  transi=on?	  
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a  b  s  t  r  a  c  t

Transitioning  away  from  our  current  global  energy  system  is  of  paramount  importance.  The  speed  at
which  a  transition  can take  place—its  timing,  or  temporal  dynamics—is  a  critical  element  of  considera-
tion.  This  study  therefore  investigates  the  issue  of time  in global  and national  energy  transitions  by  asking:
What  does  the  mainstream  academic  literature  suggest  about  the  time  scale  of  energy  transitions?  Addi-
tionally,  what  does  some  of the  more  recent  empirical  data  related  to  transitions  say,  or challenge,  about
conventional  views?  In answering  these  questions,  the  article  presents  a  “mainstream”  view  of  energy
transitions  as  long,  protracted  affairs,  often  taking  decades  to  centuries  to occur.  However,  the  article  then
offers some  empirical  evidence  that  the  predominant  view  of  timing  may  not  always  be  supported  by
the  evidence.  With  this  in  mind,  the final  part  of  the  article  argues  for more  transparent  conceptions  and
definitions  of  energy  transitions,  and  it asks  for  analysis  that recognizes  the  causal  complexity  underlying
them.

© 2015  The  Author.  Published  by  Elsevier  Ltd.  This  is an  open  access  article  under  the CC  BY  license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Transitioning away from our current global energy system is of
paramount importance [1]. As Grubler compellingly writes, “the
need for the ‘next’ energy transition is widely apparent as current
energy systems are simply unsustainable on all accounts of social,
economic, and environmental criteria [2]”. And as Miller et al. add,
“the future of energy systems is one of the central policy challenges
facing industrial countries [3]”. Unfortunately, however, neither
private markets nor government agencies seem likely to spur a
transition on their own [4]. Moreover, transitions to newer, cleaner
energy systems such as sources of renewable electricity [5,6] or
electric vehicles [7,8] often require significant shifts not only in
technology, but in political regulations, tariffs and pricing regimes,
and the behavior of users and adopters.

The speed at which a transition can take place—its timing, or
temporal dynamics—is a vital element of consideration. According
to the International Energy Agency, for example, if “action to reduce
CO2 emissions is not taken before 2017, all the allowable CO2 emis-
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sions would be locked-in by energy infrastructure existing at that
time [9]”. In other words, if a transition does not occur quickly, or
soon, it may  be too late. Giddens went so far as to call this the “cli-
mate paradox”, the fact that by the time humanity may  come to
fully realize how much they need to shift to low-carbon forms of
energy, they will have already passed the point of no return [10].

This study, therefore, investigates the critical issue of time in
global and national energy transitions. Although other elements of
transitions such as their scale, magnitude, direction, drivers, actors,
and mechanisms are touched upon when exploring this theme,
the article’s central purpose is to ask: What does the mainstream
academic literature suggest about the time scale of energy transi-
tions? In addition, what does some of the more recent empirical
data related to transitions say, or challenge, about the mainstream
view?

In answering these questions, the article proceeds as follows. It
begins by presenting a mainstream view of energy transitions as
long, protracted affairs, often taking decades to centuries to occur.
Part of this argument draws from the history of previous major
energy transitions such as the switch from wood to coal or coal to
oil. Part of this argument also draws on the sheer scale and com-
plexity involved in major transitions, as well as the tendency for
new systems to face the “lock-in” or “path dependency” of existing
systems. However, the article then offers some empirical evidence
that the predominant view of timing may  not always be supported
by the evidence. The second half of the paper shows that there have

http://dx.doi.org/10.1016/j.erss.2015.12.020
2214-6296/© 2015 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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a  b  s  t  r  a  c  t

The  relatively  rare and protracted  nature  of  energy  transitions  implies  that  it is vital  to look  at  historical
experiences  for lessons  about  how  they  might  unfold  in the  future.  The fastest  historical  sector-specific
energy  transitions  observed  here  was  thirty  years.  However,  full energy  transitions,  involving  all  sectors
and  services,  have  taken  much  longer.  Ultimately,  the  price  of energy  services  played  a  crucial  role  in cre-
ating  the incentives  to  stimulate  energy  transitions,  but energy  price  shocks  may  have  acted  as a  catalyst
for  stimulating  processes  that led to  certain  energy  transitions.  An additional  key factor  is whether  the
new  technology  offers  new characteristics  of value  to  the consumer,  which  can  help create  a market  even
when the initial  price is higher.  A  crucial  factor  that  can delay  a transition  is the reaction  of the  incumbent
and  declining  industries.  Nevertheless,  governments  have,  in  a few  instances,  created  the  institutional
setting  to  stimulate  energy  transitions  to  low-polluting  energy  sources,  and this  could  be  done  again,  if
the  political  will  and  alternative  energy  sources  were  available.  Finally,  past  energy  transitions  have  had
major  impacts  on the  incumbent  industries  which  have  declined,  on economic  transformations  and  on
inequality.

© 2016  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Since the beginning of the Industrial Revolution, the global
economy has extracted and used 0.5 trillion tonnes of oil equiv-
alent of fossil fuels (see Fig. 1) and has led to 1.2 trillion tonnes
of carbon dioxide emissions. The rising global emissions, along
with other greenhouse gas emissions, are threatening to inten-
sify climate change. This threat means that fossil fuels, without
worldwide carbon capture and sequestration mechanism or suc-
cessful geo-engineering projects, will impose a rising burden on
the atmosphere. This burden highlights the potential benefits from
a transition out of fossil fuels to low carbon energy sources.

Because energy transitions are seen by many scholars and
analysts to be relatively rare and protracted processes, it is
important to look at historical experiences for lessons about
how they might unfold in the future. The literature on his-
torical energy transitions has blossomed in the last ten years
[22,25,5,39,36,1,3,59,50,43,33,28,32]. Perhaps triggered by unfold-
ing events, and partly stimulated by the special issue in this journal,
research output on using experiences from past energy transi-
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tions to inform the present and future policies has accelerated
[48,52,8,2,45].

With this in mind, the purpose of this piece is to draw partic-
ularly on my  own  historical and long run research to offer some
lessons about energy transitions. To contribute to a more refined
or at least reflexive take on energy transitions, this short commu-
nication starts by reviewing the speed of past energy transitions.
Afterwards, the role of prices in driving transitions is discussed. This
is followed by a comment on incumbent industries that declined,
with a focus on the experience of the coal industry. Then, the paper
examines the impact of energy transitions on consumption pat-
terns, economic development and inequality. Then, it explores past
experiences in which environmental policy may  have influenced
energy transitions.

2. The speed of historical energy transitions

Since the Industrial Revolution, it has taken, on average, nearly
fifty years for sector-specific energy transitions (i.e. the diffusion of
energy sources and technologies) to unfold in the United Kingdom
[15]. Here, the definition used for a transition was from 5% to 80%
(or the peak, if it did not reach 80%) of the energy consumption for
a particular service (e.g., heating, power, transportation or lighting)
in a specific sector – as Sovacool [52] points-out in his conclusion,

http://dx.doi.org/10.1016/j.erss.2016.08.014
2214-6296/© 2016 Elsevier Ltd. All rights reserved.
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a ! b ! s ! t! r ! a ! c ! t

Benjamin ! Sovacool ! (2016) ! has! provided ! interesting ! food ! for! thought ! in! asking ! “how ! long ! will! it! take?”
for ! the! unfolding ! of ! energy ! transitions. ! Historical ! evidence ! of! “grand” ! or ! global ! energy ! system ! transitions
taking ! decades ! to ! centuries ! to ! unfold ! contrasted ! with! highly ! selective ! recent ! and ! rapid ! examples ! of
mostly ! incremental ! technological ! change ! make ! for! an ! engaging ! argument. ! But! the! observed ! contrasts ! are
due! to! the! apples-and-oranges ! comparison ! between ! transitions ! that ! are ! measured ! differently, ! defined
differently, ! characterized ! by! different ! processes, ! and ! explained ! differently.

Crown ! Copyright ! © ! 2016 ! Published ! by ! Elsevier ! Ltd. ! All ! rights ! reserved.

1.! Defining! and! measuring! energy! transitions! should! be
done! on! a! consistent! basis

A! transition! is! usefully! defined! as! a! change! in! the! state! of! an
energy! system! as! opposed! to! a! change! in! an! individual! energy! tech-
nology! or! fuel! source! [13].! A! prime! example! is! the! change! from
a! pre-industrial! system! relying! on! traditional! biomass! and! other
renewable! power! sources! (wind,! water! and! muscle! power)! to! an
industrial! one,! characterized! by! pervasive! mechanization! (steam
power)! and! the! use! of! coal.! Market! shares! reaching! pre-specified
thresholds! are! typically! used! to! characterize! the! speed! of! transition
(e.g.! coal! versus! traditional! biomass).! Typical! market! share! thresh-
olds! in! the! literature! are! 1%,! 10%! for! the! initial! shares! and! 50%,! 90%
and! 99%! for! outcome! shares! following! a! transition.! A! robust! find-
ing! is! that! such! state! changes! proceed! non-linearly,! in! characteristic
S-curves,! widely! used! also! in! the! diffusion! and! technological! substi-
tution! literature! [14].! The! logistic! function,! a! symmetrical! S-curve,
has! the! advantage! that! all! important! market! share! thresholds! are
related! in! a! consistent! fashion.! The! time! it! takes! to! move! from! 1%
to! 50%! (and! from! 50%! to! 99%)! is! identical! to! the! time! required! to
grow! from! 10%! to! 90%! market! share.! This! has! been! termed! the! tran-
sition! “turnover”! time,! or! !t ! (in! years).! If! !t ! is! 10! years,! it! takes! 10
years! to! move! from! the! 10%! to! 90%! market! share! (80%! of! the! state
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change)! and! the! logistic! function! implies! it! takes! 2! ×!!t,! or! 20! years,
to! achieve! 98%! of! the! state! change! (from! 1%! to! 99%! market! share).

By! adopting! an! upper! threshold! of! 25%! for! his! definition! of! rapid
changes,! Sovacool! ex! ante! has! shortened! the! transition! times! of! his
examples! by! a! factor! of! two ! compared! to! the! evidence! reviewed
from! the! historical! transition! literature! he! cites! which! uses! an! upper
threshold! value! of! 50%.1 The! comparison! is! therefore! not! made! on
a! like-for-like! basis! and! so! is! misleading.! (We ! return! below! to! an
analogous! ‘apples-and-oranges’! problem! with! Sovacool’s! choice! of
starting! threshold).

A! second! issue! in! energy! transitions! is! how! states! of! energy! sys-
tems! are! measured.! It! matters! whether! energy! system! variables! are
described! in! terms! of! stocks! or! flows.! Transition! speed! is! affected! by
whether! we ! analyze! changes! in! the! entire! capital! (technology! and
infrastructure)! stock! of! an! energy! system! (which! changes! slowly),
or! simply! the! rates! at! which! this! stock! changes! (its! first! deriva-
tive,! or! growth! rate),! which! tends! to! be! much! faster.! Whether
stocks! or! flows! are! used! often! depends! on! data! availability! rather

1 Comparable! numbers! of! changeover! times! in! the! “rapid! transition”! cases! can
be ! derived! simply! by! multiplying! the! original! numbers! by! a! factor! 2.! Thus! the
!ts ! in! Sovacool’s! “rapid! transition”! sample! (leaving! out! the! incomparable! Flexfuel
[changes! in! sales! instead! of! stock! changes]! and! Kuwait! examples! [too! small! mar-
ket! size])! are! in! the! range! of! 6–32! years! compared! to! a! range! of! between! 47! and! 69
years! of! the! transition! examples! of! western! European! economies! in! the! 20th! century
shown! in! Table! 2! of! Sovacool! [40].
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Characteris=cs	  of	  transi=ons	  (1):	  complexity	  and	  
inter-‐dependence	  at	  the	  systems	  level	  

•  diffusion	  of	  innova=ons	  can	  be	  fast	  
-‐	  par9cularly	  for	  ready	  subs9tutes	  

•  change	  in	  technological	  systems	  is	  slow	  
-‐	  interdependent	  technologies,	  infrastructures,	  ins9tu9ons	  

•  “scale	  maVers”	  [Smil	  2016]	  

	   	   	   	   	  transi=on 	   	   	   	   	   	  ∆t	  (yrs) 	   	  ∆t	  (yrs)	  	  
	   	   	   	   	   	   	   	   	   	   	   	   	  USA	   	   	  USSR	  	  	  	  

technology 	   	   	  diesel	  for	  steam	  locomo=ves 	   	  12 	   	   	  13	  
network	   	   	   	  treated	  =es	  /	  electrifica=on 	   	  26 	   	   	  27	  
system 	   	   	   	  growth	  of	  railway	  network	   	   	  54 	   	   	  37	  
system	  of	  systems 	  transport	  infrastructure 	   	   	  80 	   	   	  80	  

Grubler et al. (2016). ERSS 22: 18-25. 
Grubler et al. (1999). Energy Policy 27: 247-280. 

increasing	  scale,	  more	  complexity,	  slower	  transi=ons	  



Evidence	  of	  rapid	  transi=ons	  is	  highly	  selec,ve	  (1)	  
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•  cons=tu=ve	  elements	  of	  a	  new	  innova=on	  system	  are	  set	  up	  
•  essen=al	  func=ons	  of	  the	  emerging	  innova=on	  system	  begin	  

influencing	  the	  technology’s	  development	  

Characteris=cs	  of	  transi=ons	  (2):	  forma,ve	  phases	  
establish	  condi=ons	  for	  subsequent	  diffusion	  

Hekkert et al. (2007). Technological Forecasting and Social Change 74(4): 413-432. 
Bergek et al. (2008). Technology Analysis & Strategic Management 20(5): 575 - 592. 

•  par=cularly	  applies	  to	  ‘core’	  (lead,	  innovator)	  markets	  



Characteris=cs	  of	  transi=ons	  (2):	  forma,ve	  phases	  
prior	  to	  market	  growth	  are	  decadal	  (and	  uncertain)	  

1700$ 1750$ 1800$ 1850$ 1900$ 1950$ 2000$

CFLs$
CELLPHONES$

POWER$5$WIND$
E5BIKES$

POWER$5$NUCLEAR$
JET$AIRCRAFT$

FLUID$CATALYTIC$CRACKING$
WASHING$MACHINES$

POWER$5$COAL$
POWER$5$NATURAL$GAS$

MOTORCYCLES$
CARS$

BICYCLES$
STEAM$LOCOMOTIVES$

STEAMSHIPS$
STEAM$STATIONARY$

Length'of'Forma.ve'Phases' start	  point:	  
first	  sequen=al	  
commercialisa=on	  

end	  point	  
2.5%	  market	  share	  
(innovators)	  

shorter	  for:	  
ready	  subs=tutes	  

average	  =me:	  
22	  years	  

Bento & Wilson (2016). Environmental Innovations & Societal Transitions. 



Evidence	  of	  rapid	  transi=ons	  is	  highly	  selec,ve	  (2)	  

end$use SWEDEN CHINA INDONESIA BRAZIL USA

rapid&transition&because&…
lighting6
ballasts

improved6
cookstoves

LPG6
cookstoves

flexGfuel6
vehicles

air6
conditioning

omitted6formative6phase
spillovers6from6early6adopters

energy&supply KUWAIT HOLLAND FRANCE DENMARK ONTARIO

rapid&transition&because&…
oil4&4

electricity natural4gas
nuclear4
power

coal4power4
&4CHP

coal4
phaseout

omitted4formative4phase
spillovers4from4early4adopters



Wilson & Grubler (2015). Chapter 3. 
Technology and Innovation for Sustainable 
Development. UN, Bloomsbury. 

Characteris=cs	  of	  transi=ons	  (3):	  diffusion	  is	  faster	  in	  
later	  adop,ng	  markets	  
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forma=ve	  phases	  
and	  diffusion	  
in	  lead	  markets	  …	  

which	  can	  spill	  over	  
into	  follower	  markets	  

generates	  learning	  (cost,	  
performance)	  and	  
adop=on	  experience	  …	  



Evidence	  of	  rapid	  transi=ons	  is	  highly	  selec,ve	  (3)	  
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Characteris=cs	  of	  transi=ons	  (4):	  speed	  is	  a	  func=on	  of	  
adopter	  benefits	  …	  

innova-on	  a9ributes	  	  
	  

rela,ve	  advantage	  
	  

compa=bility	  
non-‐complexity	  

	  
observability	  
trialability	  

ready	  
subs9tute	  

social	  
influence	  



Characteris=cs	  of	  transi=ons	  (5):	  speed	  is	  a	  func=on	  of	  
adopter	  benefits	  …	  and	  the	  adop,on	  environment	  
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Bento & Wilson (2016). Environmental Innovations & Societal Transitions. 

Par=cular	  
ins=tu=onal	  
context	  (WWII):	  
•  strong	  

co-‐ordina,on	  
•  shared	  

expecta=ons	  

Many	  peace=me	  
examples	  of	  
coordina=on:	  
•  French	  nuclear	  
•  Danish	  wind	  
•  German	  

Energiewende	  
Kern & Rogge (2016). ERSS. 



Evidence	  of	  rapid	  transi=ons	  is	  highly	  selec,ve	  (5)	  
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Overall	  …	  
Evidence	  of	  rapid	  transi=ons	  is	  very	  highly	  selec,ve!	  
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So	  …	  is	  evidence	  of	  rapid	  historical	  transi=ons	  
informa=ve	  for	  future	  low	  carbon	  transi=ons?	  



So	  …	  is	  evidence	  of	  rapid	  historical	  transi=ons	  
informa=ve	  for	  future	  low	  carbon	  transi=ons?	  



So	  …	  is	  evidence	  of	  rapid	  historical	  transi=ons	  
informa=ve	  for	  future	  low	  carbon	  transi=ons?	  



Rapid	  historical	  transi=ons	  have	  very	  different	  
characteris,cs	  from	  what’s	  now	  required	  globally	  

CLIMATE	  CHANGE	  
limit	  warming	  to	  2oC	  

HEALTH	  
cleaner	  air,	  fewer	  par=culates	  

ENERGY	  SECURITY	  
more	  diverse,	  less	  import-‐dependence	  

ACCESS	  &	  AFFORDABILITY	  
electricity	  &	  clean	  cooking	  for	  all	  
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Rapid	  historical	  transi=ons	  have	  very	  different	  
characteris,cs	  from	  what’s	  now	  required	  globally	  

Size	  	  α	  	  share	  of	  global	  electricity	  produc=on	  



slow	  transi,ons	   fast	  transi,ons	  

co-‐ordina=on	  problems,	  
vested	  interests	  

strong	  co-‐ordina=on	  
and	  policy	  direc=on	  

systemic	   discrete	  technologies	  

novel	  concepts,	  
forma=ve	  phases	  

market-‐ready	  
subs=tutes	  

weak	  adopter	  benefits	  
(benefits	  are	  social	  or	  diffuse)	  

strong	  adopter	  benefits,	  
high	  rela=ve	  advantage	  

early	  adop=ng	  markets	   late	  adop=ng	  markets	  

Rapid	  historical	  transi=ons	  have	  very	  different	  
characteris,cs	  from	  what’s	  now	  required	  globally	  



if	  …	  slow	  transi,ons	   if	  …	  fast	  transi,ons	  

diverse	  porlolio	   targeted	  porlolio	  

pa=ence	   over-‐exuberance,	  hype	  

stable	  policy	   stop-‐go	  policy	  

shared	  expecta=ons,	  
‘emergency’	  discourse	  

false	  expecta=ons,	  
‘feasibility’	  discourse	  

Careful	  analysis	  of	  transi,on	  dynamics	  is	  important	  
for	  managing	  expecta,ons	  and	  mo=va=ng	  ac=on	  



Can	  decentralised	  or	  distributed	  technologies	  
help	  accelerate	  future	  low	  carbon	  transi=ons?	  



lumpy	  
large	  unit	  size	  
high	  unit	  cost	  
indivisible	  

granular	  
small	  unit	  size	  
low	  unit	  cost	  
modular	  



Granular	  technologies	  offer	  many	  poten=al	  benefits	  
for	  transi,on	  speeds	  and	  outcomes	  

granularity	  
	  
lower	  adop-on	  effort	  
-‐>	  faster	  diffusion	  
	  
lower	  adop-on	  risk	  
-‐>	  fewer	  cost	  overruns	  
	  
more	  unit	  numbers	  
-‐>	  higher	  learning	  rates	  



Granularity	  (1):	  lower	  adop,on	  effort	  (investment	  
per	  unit)	  results	  in	  faster	  diffusion	  

diffusion	  of	  35	  
energy	  &	  
industrial	  
innova=ons	  in	  
the	  US	  

35%	  of	  variance	  
in	  ∆t	  explained	  
by	  investment	  
size	  (excluding	  
three	  outliers)	  



Granularity	  (2):	  divisibility	  &	  smaller	  unit	  sizes	  result	  
in	  lower	  adop,on	  risk	  

The	  iron	  law	  of	  megaprojects	  [Flyvberg	  2014]:	  
“they	  run	  over	  budget,	  over	  9me,	  over	  and	  over	  again”	  
	  
	  
Adop=on	  risks	  with	  lumpy	  technologies:	  

	  (i)	  bespoke	  (non-‐standard)	  design	  limits	  learning;	  
	  (ii)	  complexity,	  interdependencies,	  interoperability	  challenges;	  
	  (iii)	  long	  planning	  horizons	  create	  exposure	  to	  exogenous	  change	  
	  (iv)	  involvement	  of	  diverse	  actors	  with	  compe,ng	  interests.	  

"policymakers	  should	  prefer	  energy	  alterna9ves	  that	  require	  less	  
upfront	  outlays	  and	  that	  can	  be	  built	  very	  quickly”	  [Ansar	  et	  al.	  2013].	  
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Granularity	  (3):	  more	  unit	  numbers	  result	  in	  higher	  
learning	  rates	  once	  economies	  of	  scale	  are	  removed	  

Healey, S. (2015). Separating Economies of Scale and Learning Effects in Technology Cost Improvements. IR-15-009. 
International Institute for Applied Systems Analysis (IIASA), Laxenburg, Austria. 

smaller	  units	  
	  
-‐>	  more	  units	  
	  
-‐>	  more	  
opportuni=es	  to	  
experiment	  
	  
-‐>	  more	  learning	  

geothermal	  

nuclear	  



Decentralised	  ...	  distributed	  …	  granular	  technologies	  
could	  help	  accelerate	  future	  low	  carbon	  transi=on	  

granularity	  
	  
lower	  adop-on	  effort	  
-‐>	  faster	  diffusion	  
	  
lower	  adop-on	  risk	  
-‐>	  fewer	  cost	  overruns	  
	  
more	  unit	  numbers	  
-‐>	  higher	  learning	  rates	  
	  
…	  and	  many	  more	  benefits!	  



Energy	  Transi,ons:	  
Speeds,	  Characteris,cs,	  and	  
the	  Benefits	  of	  Granularity	  
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slow	  transi,ons	   fast	  transi,ons	  

co-‐ordina=on	  problems,	  
vested	  interests	  

strong	  co-‐ordina=on	  
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exogenous	  
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e.g.,	  C	  price	  



Technology	  diffusion	  in	  models	  (even	  in	  2oC	  scenarios)	  
is	  broadly	  consistent	  with	  historical	  observa=ons	  

15 
 

Baseline and Reference scenarios. However various significant differences emerge under the 2-degree 406 
objective (2 Degrees), specifically in terms of (absolute) capacity expansion rates, (absolute) total 407 
energy-supply investments and (absolute and normalized) decarbonization rates. 408 
 409 
Table 6 - Summary of comparisons between historical observations and three modeled scenarios using 410 
a diverse set of indicators. For plotting convenience the fossil and renewable technologies are grouped 411 
- the table considers the highest rate of change in the group per scenario 412 
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 Below historical growth frontier for corresponding technology 
    Below historical growth frontier for any technology 
    Above historical growth frontier for any technology 

 

 413 

4.2 Methodological diversity and issues 414 
The indicators used vary in focus and scope. In this section we further discuss the influences and 415 
sensitivities of the study design on the outcome. 416 
 417 

(1) System focus: Models are inherently limited in their representation of energy-economy 418 
dynamics, and are highly dependent on their technological resolution (number of technologies 419 
included), underlying assumptions (on e.g. capital replacement or learning rates) as well as 420 
model structure and solution frameworks. In that respect technology-specific indicators are 421 
potentially more sensitive to specific model behavior than system-wide indicators. However, in 422 
a multi-model set-up these sensitivities are more-or-less balanced out and in that case, as 423 
depicted in Table 5, system indicators are not consistently more or less likely to remain 424 
consistent with historical observations;  425 
 426 

(2) Temporal scale: Indicators that focus on a specific timeframe (e.g. the average annual 427 
capacity additions or decarbonization rates) can be sensitive to the selected time period. This is 428 
especially the case if rapid expansion or declines rates are nested in certain periods of time, 429 
which can be either highlighted or numbed down in the longer-term average.   430 

 431 
Focusing on the full technology lifecycle, however, can also influence the results. For example, 432 
the Wilson et al (2012) methodology is sensitive to technology projections with a clear logistic 433 
growth profile, such as mature historical technologies for which long time-series data are 434 
available. As renewable technologies are generally still in their early deployment phase these 435 
are not expected to saturate in the timeframe of the model, and will therefore not appear as 436 
logistic growth profiles in the Wilson et al. methodology. Hence, some modeled rates of change 437 

van Sluisveld et al. (2015). Global Environmental Change. 35: 436-449. 



Technology	  diffusion	  in	  models	  (even	  in	  2oC	  scenarios)	  
is	  broadly	  consistent	  with	  historical	  observa=ons	  

15 
 

Baseline and Reference scenarios. However various significant differences emerge under the 2-degree 406 
objective (2 Degrees), specifically in terms of (absolute) capacity expansion rates, (absolute) total 407 
energy-supply investments and (absolute and normalized) decarbonization rates. 408 
 409 
Table 6 - Summary of comparisons between historical observations and three modeled scenarios using 410 
a diverse set of indicators. For plotting convenience the fossil and renewable technologies are grouped 411 
- the table considers the highest rate of change in the group per scenario 412 
   Absolute growth Normalized growth 
   

Ba
se

lin
e 

Re
fer

en
ce

 

2 D
eg

re
es

 

Ba
se

lin
e 

Re
fer

en
ce

 

2 D
eg

re
es

 

20
10

-2
03

0 Average annual capacity additions 
Fossil       
Renewables       

Annual emission (intensity) decline rates System       
Required supply-side investments System       

20
30

-2
05

0 Average annual capacity additions 
Fossil       
Renewables       

Annual emission (intensity) decline rates System       
Required supply-side investments System       

 Technology diffusion Tech-specific       
 

 Not applicable 
 Below historical growth frontier for corresponding technology 
    Below historical growth frontier for any technology 
    Above historical growth frontier for any technology 

 

 413 

4.2 Methodological diversity and issues 414 
The indicators used vary in focus and scope. In this section we further discuss the influences and 415 
sensitivities of the study design on the outcome. 416 
 417 

(1) System focus: Models are inherently limited in their representation of energy-economy 418 
dynamics, and are highly dependent on their technological resolution (number of technologies 419 
included), underlying assumptions (on e.g. capital replacement or learning rates) as well as 420 
model structure and solution frameworks. In that respect technology-specific indicators are 421 
potentially more sensitive to specific model behavior than system-wide indicators. However, in 422 
a multi-model set-up these sensitivities are more-or-less balanced out and in that case, as 423 
depicted in Table 5, system indicators are not consistently more or less likely to remain 424 
consistent with historical observations;  425 
 426 

(2) Temporal scale: Indicators that focus on a specific timeframe (e.g. the average annual 427 
capacity additions or decarbonization rates) can be sensitive to the selected time period. This is 428 
especially the case if rapid expansion or declines rates are nested in certain periods of time, 429 
which can be either highlighted or numbed down in the longer-term average.   430 

 431 
Focusing on the full technology lifecycle, however, can also influence the results. For example, 432 
the Wilson et al (2012) methodology is sensitive to technology projections with a clear logistic 433 
growth profile, such as mature historical technologies for which long time-series data are 434 
available. As renewable technologies are generally still in their early deployment phase these 435 
are not expected to saturate in the timeframe of the model, and will therefore not appear as 436 
logistic growth profiles in the Wilson et al. methodology. Hence, some modeled rates of change 437 

van Sluisveld et al. (2015). Global Environmental Change. 35: 436-449. 

controlling	  for	  growth	  in	  the	  overall	  system	  
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Empirical	  generalisa=ons	  also	  provide	  historical	  reference	  
points	  for	  evalua,ng	  the	  behaviour	  of	  systems	  models	  
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