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POLICY DEBATE OF THE HOUR

Alessio Terzi and Roger Fouquet

The Green Industrial Revolution: Lessons from the History

of Past Energy Transitions’

KEY MESSAGES

B The challenges associated with today’s green transi-
tion echo dynamics during past energy revolutions

B Improvements in energy efficiency and sobriety can be
part of a decarbonization strategy but with muted impact

B An effective and credible climate policy must be chiefly
targeted at accelerating a Green Industrial Revolution

B Governments have many tools to do so, including taxa-
tion, regulation, public investment, and industrial policy

B Cushioning blows to income and consumption of
low-income households will be important in avoid-
ing social backlash, slowing decarbonization
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“What experience and history teaches us is

that people and governments have never learned
anything from history, or acted on principles
deduced from it.”

Georg Wilhelm Friedrich Hegel

Climate change is upon us: 2023 is virtually certain to
be the warmest year since records began in the mid-
1880s, and likely in the millennia before (Hausfather
2023). This has already resulted in unprecedented
wildfires, droughts, floods, and hurricanes across the
globe. In order to avoid even worse consequences,
political leaders in over 110 countries have agreed
to reach climate neutrality by mid-century. This is
no minor feat given that we currently effectively live
in a fossil fuel civilization, meaning that directly or
indirectly, close to everything we do relies in one way
or another on burning fossil fuels and emitting green-
house gasses.

Becoming climate neutral will require a com-
plete transformation of energy generation, trans-
port, housing, agriculture, manufacturing, and more
(Terzi 2022a) - all to be achieved in only three dec-
ades. When framed this way, the societal challenge
seems daunting, if not impossible. And yet, it gives us
some comfort to note that structural transformations
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on a similar scale have happened before, notably dur-
ing past Industrial Revolutions (Terzi 2022b).

In this short essay, we draw a set of lessons from
past energy transitions to help design credible and
efficient strategies to achieve climate neutrality in the
21st century. By observing and analyzing the rapid
uptake of technologies and energy sources for the
provision of energy services,! an understanding can
emerge of when and why radical change in the energy
system occurred. Doing so will require understand-
ing the contribution of various channels in breaking
previous technological lock-ins and catalyzing an
accelerated switch to new energy sources. When
thinking about decarbonization strategies, the focus
on energy seems particularly appropriate as power,
transport, and heat are collectively responsible for
over two-thirds of global greenhouse gas emissions
(Liu et al. 2023).

THE VALUE OF A HISTORICAL PERSPECTIVE

Ever since the goal of achieving climate neutrality was
established, policymakers, private sector leaders, and
academic experts have been constantly discussing the
many challenges associated with the green transition.
These include:

- the successful uptake or failure of a specific
technology;

- problems of technological lock-ins and path
dependency;

- the importance of market structure;

- the appropriate degree of government involve-
ment in the economy;

- the role of incumbents, such as Big Oil, often try-
ing to slow down the transition, including through
lobbying; and

- security of energy supply, particularly in the af-
termath of Russia’s invasion of Ukraine.

These problems are all very important and represent
fundamental challenges. They also feel like unique
predicaments of our era, and yet each of these ele-
ments has parallels with past energy system trans-
formations. For instance, in 1865, William Stanley Je-
vons published The Coal Question to shed light on the
risks of exhaustion of coal resources that were cen-
! Following an energy economics approach, it is worth highlighting
that in this piece we speak of energy services, which encompasses

both goods and services used to satisfy an energy demand or need.

After all, as Alfred Marshall noted: “in one sense all industries pro-
vide services” (Fouquet 2008, 8).



tral to Britain’s economic supremacy (Missemer 2012).
At the same time, smoke abatement societies were
forming across Britain with the aim of encouraging
local authorities and the national government to in-
troduce legislation to reduce air pollution (Fouquet
2012). Meanwhile, industrialists were lobbying poli-
cymakers to either not introduce legislation or water
down any laws such that they were unenforceable. As
a result, civil society, industrialists, and government
battled over air pollution policies for around a centu-
ry.2 Eventually, after the dramatic experience of the
Great Smog of London, which was associated with
thousands of additional deaths (Fukushima 2021), the
Clean Air Act of 1956 was the first legislation in Brit-
ain that genuinely enforced air pollution standards,
marking the beginning of the transition to cleaner
energy sources (Fouquet 2012).

Explorations of historical patterns are central to
anticipating developments in future energy systems
and their environmental impact (Gribler et al. 1999).
Considering very long-run trends allows us to see
technological revolutions as recurring events, cycles
of economic transformation, rather than unprece-
dented discontinuations of business-as-usual scenar-
ios (Freeman and Louca 2002). While the usual lament
goes that history never repeats itself, it does often
rhyme, to quote Mark Twain. The reason it rhymes
is because the fundamental forces at play across
various technology transformations are essentially
the same, as we will detail shortly. Even the First
Industrial Revolution responded to the recursive logic
of an evolutionary process (Galor 2022; Perez 2009).
As Wrigley (1988) famously noted, the processes
surrounding it were the result of “continuity, change,
and chance.”

SOBRIETY AND ENERGY EFFICIENCY
IMPROVEMENTS

Attempts at devising a strategy to achieve climate
neutrality have typically encompassed a mix of at
least three elements (Pisani-Ferry and Mahfouz 2023):
(i) voluntary reductions in energy use beyond gains
from efficiency (sobriety); (ii) improvements in energy
efficiency; and (iii) technological progress toward car-
bon-free energy sources and services.

Placing these various tools in historical context
already provides some food for thought. First, Fou-
quet (2008) details how past experience with de-
clines in energy consumption are uncommon, and
rarely happen as a consumer choice. This suggests
that the main channel for decarbonization in the 21st
century is unlikely to be “sobriety,” i.e., consumers

2 The Sanitary Act of 1866, the Public Health Act of 1875, and the
Public Health (London) Act of 1891 were weak policies avoiding im-
pact on industrialists - as an example, the term “black smoke” was
placed in the text to ensure that it could be argued that the smoke
was not black, and it took until 1926 for legislation to legislate
against non-black smoke, but any enforcement required the go-
ahead from the Ministry of Health (Thorsheim 2018, 131).

POLICY DEBATE OF THE HOUR

voluntarily giving up energy ser-
vices in the name of a greater
good (Vogel and Hickel 2023).
This might work over short
periods of time, and in condi-
tions that have been framed as
war-like (as happened in Europe
in 2022), but will be difficult to
maintain over prolonged periods
of time. Likewise, without sus-
tained public support, it will be
challenging for a government to
impose a reduction in energy ser-
vices on its citizens, especially
within democracies. Neverthe-
less, when managed, tempo-
rary and sporadic reductions in
consumption (as occurred during
Covid-19 restrictions) combined
with effective substitution poli-
cies can help realign economies
onto lower energy-intensity path-
ways and minimize vulnerability

!!ll

is an Economist at the European
Commission and an Adjunct
Professor in climate economics
at Sciences Po. His first book
Growth for Good was one of For-
eign Affairs’ Best Books of 2022.

| Roger Fouquet

is a Senior Research Fellow at
the Energy Studies Institute at
the National University of Singa-
pore, and a Vising Senior Fellow
at the Grantham Research
Institute at the LSE.

to energy price shocks, inflation,
trade balance deficits, political
pressures from energy companies,
and environmental pollution associated with en-
ergy intensive economies (Fouquet 2016; O’Garra
and Fouquet 2022). Indeed, the International En-
ergy Agency expects sobriety, as part of behavio-
ral changes, to be responsible for just 8 percent of
CO, reductions in its roadmap toward net zero by 2050
(International Energy Agency 2021).

Second, efficiency improvements have occurred
frequently throughout energy history. The effi-
ciency of steam engines was transformed by a se-
ries of scientific and technological innovations over
more than one hundred and fifty years (Crafts 2004;
Fouquet 2008). Similarly, a whole set of innovations
led to efficiency improvements in the transport sec-
tor. Advances in the energy efficiency of lighting
have been underway since the late 1700s, improv-
ing efficiency more than one thousand-fold. How-
ever, the savings from efficiency improvements are
often modest due to so-called “rebound effects,”
which lead to increases in the consumption of en-
ergy services (Chitnis et al. 2020). Nevertheless, there
is evidence that these rebound effects decline with
economic development, implying that some energy
savings can be achieved, all other things being equal
(Fouquet 2014). However, in the long run, rising in-
come and the associated increasing demand for en-
ergy services tend to outpace any energy savings. This
is because “when prices rise and resources become
scarce, ingenuity will be directed towards discover-
ing more resources and developing ways to use them
more efficiently. When resources are abundant, cre-
ativity will be aimed at offering ways to use them”
(Fouquet 2008, 380).
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Figurel

Effectively, what this implies is that sobriety and
energy efficiency could very well be pursued as part
of a decarbonization strategy, but their effect will be
contained in scale and limited in time. They might
be worthwhile pursuits in order to buy some time,
but, on their own, sobriety and energy efficiency im-
provements will have limited impact as a strategy
to contain catastrophic climate change. They should
therefore be seen as complements while fast-tracked
technological transformation unfolds. Put differently,
a switch to carbon-free energy sources and services
should be seen as the main realistic strategy to
achieve long-run climate neutrality.

ROLLING OUT GREEN TECHNOLOGIES

In light of the considerations above, it becomes ev-
ident that a successful climate policy should focus
squarely on accelerating the development and deploy-
ment of carbon-free energy sources and services. In
other words, it should spark a new Green Industrial
Revolution. In order to understand what set of policies
can accelerate the rollout of renewables, and green
technologies more broadly, it is worth considering
the mechanism through which, historically, most en-
ergy transformations took place. In this section, we
will do so first in general terms and then through a
few examples.

As discussed in Fouquet (2010), new energy
sources or technologies generally provided the same
service (i.e., heating, power, transport, or lighting),
but in a way that offered superior or additional char-
acteristics (e.g., easier, cleaner, or more flexible to
use). Frequently, the high price of the service (i.e., the
combined energy price and efficiency) made it initially
accessible to only a few consumers. The energy price,
or its inefficiency at converting energy into the ser-
vice, limited its market to a niche of consumers willing
to pay a premium for those characteristics.

This niche of early adopters was however im-
portant because it allowed the energy sources and
technologies to “survive” at a higher price than the
incumbent sources and technologies. Economies of

Price of Lighting by Energy Source in the UK, 1700-2019
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scale, learning by doing, and technological refine-
ments could then take place in a relatively protected
market. Early adopters were typically either relatively
well-off private consumers, or governments, very of-
ten for military reasons. Military expenditure was par-
ticularly well positioned for this purpose, given that
broader security considerations typically allow for
spectacular budgets that go beyond the logic of the
cheapest available alternative.

Eventually, lower prices meant that the new tech-
nology crossed the threshold of price parity with the
incumbent technology, allowing for it to spread to
the wider population. In all of the 14 major energy
transitions that took place over the last 1,000 years,
cheaper or better services were key to the switch. In
a majority of cases, the initial driver was better or
different services. In all cases, a lower energy service
price was necessary to achieve the energy transition
(Fouquet 2010). Without a lower service price, the new
energy technology is simply unlikely to be adopted by
most of the population, preventing it from replacing
the incumbent technology. The price of the service
is therefore crucial (Fouquet 2008). Incidentally, this
explains why successful technologies are known for
following a so-called “S-curve,” meaning they spread
slowly at the beginning (thanks to early adopters), at
some point they reach price parity and spread at an
exponential rate, only to flatten out once they reach
full market capacity.

Let us showcase this dynamic with two specific
historical examples related to the transitions in light-
ing and in transport.

Candles had been providing lighting at least since
3,000 BCE (Nordhaus 1996). However, they were ex-
tremely expensive, to the point that centuries later
they were occasionally used as status marker to
signal wealth.? Alternative technologies and energy
sources were tested. Whale fat made modest inroads
(see Figure 2), as it was a technological alternative
that could not scale due to the biological limits of
the whale population and, ultimately, the ecologi-
cal and energy inefficiency of converting solar power
into plankton into whales into a lighting fuel. As a
result, the price never became competitive in a way
that allowed the full rollout across society, and it fluc-
tuated greatly as a population of whales was deci-
mated and a new population was found further afield
(see Figure 1).

In nineteenth century Britain, town gas (derived
from coal) became the dominant source of lighting
(Fouquet and Pearson 2006). This success was the
result of the combination of a large source of energy
supply and improvements in lighting technology. In
1830, a town gas lamp would have generated 130 lu-
men-hours per kWh; by 1916, the “Welsbach Mantle”
3 This can be inferred for instance from the old Neapolitan expres-
sion: “Un nobile che vale due candele” (an aristocrat worth two can-
dles), based on the fact that the aristocracy would place candles in

front of their balcony seats at San Carlo theater, to signal status and
wealth.



gas lamp generated 870 lumen-hours per kWh, roughly
six times more light (Nordhaus 1996). Combining the
energy efficiency with the gas prices provides an esti-
mate of the price of lighting - the price of gas lighting
in 1830 was £2,700 (in 2000 money) for one million
lumen-hours (equivalent to leaving-on a 100-watt in-
candescent bulb for 30 days) and, in 1920, it was £40
(see Figure 1).

It is worth noting that, because of the relatively
large capital investment associated with installing
gas pipes in a residential building, gas lighting tended
to be used first in affluent and, a few decades later,
in middle-class homes. In poorer accommodation,
kerosene lamps were used instead. As shown in Fig-
ure 1, the price of kerosene lighting was greater than
that of gas lighting, implying a substantial variation
in the cost and (undoubtedly) consumption of light-
ing according to income. Roughly eighty years after
the introduction of gas lighting, poorer homes were
fitted with pipes, as gas companies felt the compet-
itive threat from electric lighting (Fouquet and Pear-
son 2006).

Electric lighting was initially very expensive com-
pared to the prevailing alternative - in the 1880s, it
cost the same as generating light using a candle (see
Figure 1). The initial switch constituted an extreme
example of the fact that superior characteristics lead
some consumers to adopt a technology in spite of a
higher price. Large-scale gas lighting, for example in
theaters, created heat and depleted oxygen. Simply
flicking a switch to turn on the electric lamps made
lighting up a room much easier. It also reduced the
amount of preparation, maintenance, and cleaning
required, as well as the smell of burning tallow can-
dles, animal or vegetable oil, or gas (Fouquet and
Pearson 2006). As a result of these considerations,
certain customers - especially restaurants, theaters,
and wealthy house owners - were therefore willing
to pay many times more for the exclusive features
of electric lighting (Fouquet 2010). Only later, thanks
to significant efficiency improvements and price re-
ductions did electric lighting scale up. By 1960, vir-
tually all lighting in the UK was electric (see Figure
2). Today, with LED lighting, generating 66,000 lu-
men-hours per kWh, it costs around £1 per million
lumen-hours.

The story of transport is similar. New technolo-
gies were adopted by the affluent, then by the mid-
dle class, and, decades later, by the poor. Before
the mid-nineteenth century, land transport was ei-
ther by foot or, for the affluent and middle classes,
horse-drawn stagecoach. Meanwhile, sea travel was
dependent on wind power to push sailing ships (Fou-
quet 2008; Smil 2017). The introduction of the railways
on land and steam ships on the sea ensured faster
and (generally) more reliable services. The success
of these technologies led to the transition to coal as
the dominant energy source by the late nineteenth
century (see Figure 3).
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Figure 2

Share of Energy Consumption for Lighting in the UK, 1700-2019
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Again, for the first two decades of the twenti-
eth century, the car existed as a niche technology,
with the rich willing to pay substantially more for the
pleasures of racing and touring (Fouquet 2010). Car
prices fell thanks to the famous Ford Model T, setting
the scene for more widespread adoption. High pop-
ulation density made the horse, which for hundreds
of years had played a crucial role, an inferior trans-
port technology. Improvements in the car’s engine
made the technology more reliable, and an option
for long-distance travel.

We can expect green technologies to follow a
similar path. Let us take electric vehicles (EVs) as
a transport service example that provides for easy
parallels with the car era.* In the early stages, EVs
entered the market as a more expensive technology,
but one that was seen by some early adopters as su-
perior. This created a niche market for early movers
(e.g., Tesla). The realization that there were large gains
to be made in such markets attracted new producers,
which entered into a price competition war. They then
strived to further increase the quality of the product
offer, with longer range, faster recharging, greater
in-vehicle experience, and more. This process drove
the quality of EVs up, and their price down. Price par-

4 Terzi (2023b) traces a similar path ahead for carbon-free aviation.
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ity is now expected to be reached within the coming
1-2 years, paving the way for widespread adoption
along the S-curve.

ROLE OF CONSUMERS AND GREEN VALUES

Technological progress is often pictured as a way to
address societal issues with a minimal toll on people
and their habits, particularly vis-a-vis energy sobriety.
While this is broadly true, it should be evident from
the section above that consumers do play a funda-
mental role in energy transformations. In particular,
the previous section showed how a subset of ear-
ly-adopting consumers effectively pave the way for
wider society. This however requires initially paying a
higher price for the new technology. Bill Gates refers
to this as the “green premium” (Gates 2021). This ex-
tends to governments both in their role as consumers
and their willingness to use public funds to incentiv-
ize green options, for instance through subsidies for
renewable energy sources.

The more willing consumers are to pay for cli-
mate stability, the greater the protection will be
for the niche market enabling low carbon energy
sources and technologies to be developed and refined
(Fouquet 2010). Recent academic research has care-
fully modeled how consumer preferences and tech-
nology crucially influence each other (Besley and
Persson 2023; Mattauch et al. 2018). Specifically, green
technologies are more profitable when the share
of the population holding green values is broader,
and green values are more attractive when green
technologies are (cheaply) available. We would spe-
cifically maintain that recurrent extreme weather
events associated with climate change already baked
into the atmosphere will only accelerate this process
of green value shifting, leading the green option to
be seen as superior (Terzi 2020) along the lines of
what happened in the aftermath of the Great Smog
of London.

More broadly, from a historical perspective, the
superior characteristics offered by a new technology
can vary substantially: “the steam engine offered a
more reliable source of power (compared with wa-
ter); the car allowed personal control; electric lighting
provided exclusivity. For these superior attributes,
certain customers were willing to pay more” (Fou-
quet 2008, 369). For example, in 1900, above what
they had to pay for these services (i.e., the price) and
the value of the incumbent energy technology and
source, consumers were willing to pay roughly 6 per-
cent of GDP for gas lighting and 15 percent of GDP
for railway travel, and in 1950, around 5 percent of
GDP for electric lighting and 10 percent of GDP for
car use (Fouquet 2018). In other words, these new
energy technologies and sources dramatically im-
proved consumers’ lives and people were willing to
pay significant proportions of their income for these
superior characteristics.
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Likewise, some consumers in our era will be will-
ing to pay more for green products because they offer
some superior characteristics, such as less noise pol-
lution or zero emissions at the point of use. The fact
that they are expensive and associated with moder-
nity also primes them for being status-signaling de-
vices among the elite. A warm-glow effect of helping
fight climate change can also not be excluded (Taufik
et al. 2016). From there, emulation of the consumption
patterns of richer cohorts can also be expected along
the lines of well-documented human psychological
emulation behaviors (Henrich 2016).

ROLE OF GOVERNMENT

When reflecting on the role of government with regard
to the green transition, the standard economics an-
swer is to implement carbon prices aimed at aligning
personal and social benefits / costs of greenhouse
gasses and therefore energy uses (Stern and Stiglitz
2017). While this consideration continues to hold its
wisdom, there are reasons to expect political economy
limits to what can credibly be achieved with them
(van Reenen 2023) given that taxing carbon (beyond
low levels) remains unpopular in several jurisdictions
(Blanchard et al. 2023; Tagliapietra 2020).

The other classic role cut out for government
when thinking about the green transition is regulation
- specifically prohibiting or setting quantitative limits
on some polluting production or practices (Blanchard
et al. 2023). Once again, a historical perspective sug-
gests a degree of caution in this respect. Specifically,
Fouquet (2012) shows in detail how regulation typi-
cally arrives at the end of an energy transformation
process, rather than serving as a spark. The history of
the car is instructive in this respect (Standage 2021).
As touched on above, cars were initially adopted by
the rich as a form of entertainment or status-signal-
ing device. Eventually, they were considered a more
practical alternative to the horse in densely popu-
lated cities. This, combined with increased afforda-
bility, paved the way for their adoption. Regulation
typically arrived only at the end of this process, to
eventually ban the coexistence of horse and cars on
urban streets at the expense of the former. In other
words, regulation served as a final coordination de-
vice aimed at laggards, rather than as a mandate for a
transportation revolution. To an extent, current bans
to cars with internal combustion engines, as adopted
in California, the EU, or the UK, follow a similar trend
insofar as they are set for 2035, when EVs will already
be the cheaper, better, and most widely spread per-
sonal transport technology.

In other words, while maintaining an important
role, there are reasons to suspect that there are lim-
its to what can be achieved by governments through
carbon taxation and regulation. In light of the reali-
zation that an effective and credible climate policy
will entail unleashing a Green Industrial Revolution,



the best course of action to leverage and maximize
the impact of government resources is to keep the
focus on accelerating the technology transformation
process (Aghion et al. 2009). In the words of Fouquet
(2008, 366-367): “Market forces will push us on to the
next [energy] system, and beyond. The best that gov-
ernments can seek to achieve is to direct these forces
in the long-term interest of the public.”

Specifically, in all the 14 energy transitions that
took place over the last 1,000 years, possibly with the
exception of the switch from the ox to the horse, the
method of energy supply needed to be changed. This
generally involved new producers, distributors, and
retailers - often (and particularly since the Industrial
Revolution) requiring major infrastructure investments
such as the gas, railway, or electricity networks. Exist-
ing energy infrastructure contributes to technological
lock-in effects and path dependence, making pub-
lic investment aimed at their renewal a particularly
useful avenue for government intervention. A current
example of this is the large-scale effort to expand the
electricity grid or install EV charging points.

Likewise, governments can use substantial in-
dustrial policy tools to accompany the development
and deployment of green technologies (Rodrik 2014),
along the lines of measures taken under the US Infla-
tion Reduction Act or the EU’s Net-Zero Industrial Act
(Terzi 2023a; Terzi et al. 2023).

Finally, it is worth underscoring that all major
technological transformations have to some degree
shattered previously existing professions, industries,
and value systems. Analyzing over 600 years of tech-
nology history, covering innovations including the
printing press, electricity, farm mechanization, me-
chanical refrigeration, and more, Juma (2016) shows
that when large sections of the population fear that
the benefits will be reaped only by a small cohort,
they will oppose them. In our context, it implies that
governments must earmark a portion of their limited
financial resources to accompany the green transfor-
mation, helping poorer citizens and cushioning any
potential blow to their income and consumption. The
alternative would be to face mounting opposition that
would impede a rapid rollout of green technologies,
and therefore a speedy decarbonization process.

POLICY CONCLUSIONS

The scale of the challenge of abandoning fossil fuels
and achieving full climate neutrality by mid-century
to avoid a climate catastrophe seems daunting. How-
ever, a long-term reading of history reassures us that
energy systems are in constant flux. The challenge
is therefore to accelerate this economic transforma-
tion to align it with political targets set in agreement
with climate scientists. Here again, history offers
scope for hope. The fastest energy transitions of the
past, from horse to railway and from steam to elec-
tricity, took place over periods of roughly 30 years,

POLICY DEBATE OF THE HOUR

despite requiring an infrastructure to accommodate
the new energy source or technology (Fouquet 2010).
It has happened in the past and it can happen again.

In this essay, we have considered the three main
avenues that governments are considering to fast-
track decarbonization, namely energy efficiency, so-
briety, and the speedy development and deployment
of carbon-free energy sources and services.

Historical experience suggests that voluntary
energy reductions (sobriety) and improvements in
energy efficiency can surely play an ancillary role
and will inevitably buy some time given their short-
term effectiveness. This implies that a successful cli-
mate policy will essentially have to focus primarily on
accelerating technological transformation. In other
words, a policy bent on fast-tracking a new Green
Industrial Revolution.

To accompany this process, governments can
surely implement carbon pricing and environmental
regulation, in line with standard policy recommen-
dations. Going beyond that, we highlight an impor-
tant role for public investment aimed at developing
the infrastructure network for a new green economy,
contributing to the breaking of technological lock-
ins and path dependence. On top of this, industrial
policy should also play a role, together with social
policies aimed at spreading the benefits of the new
green economy and cushioning any potential hit to
low-income households’ earnings and consumption
during the transition process. Failing to do so will lead
to social backlash and an inevitable slowdown in the
decarbonization process.
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