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Executive summary
Those who consider that human actions are causing catastrophic global warming have ar-
gued that the world must soon transition to a low-carbon, or ‘decarbonised’, economy; they
embrace scenarios in which a ‘zero-emissions’ future is achieved well before 2100, perhaps
as early as 2030. This paper comments on the conceptual and practical challenges govern-
ments would face in promoting such a transition.

Historically, the availability and use of energy sourceswas determined largely by geogra-
phy and technology. The changes over time followed a pattern in which less-dense energy
sources (e.g. wood) that required large areas of land to produce were replaced by denser
and denser ones (e.g. oil, natural gas) that required less space. The choices as to which new
energy technology to adopt were made in energy markets; generally, the technologies that
offered significant advantages in terms of cost, performance and reliability won out. Past
energy transitions have been slow, painstaking and hard to predict.

According to the British Petroleum Statistical Review of World Energy 2018, today, 85% of
worldprimary energy consumption is providedby fossil fuels (oil, natural gas andcoal), while
hydro (6.8%), nuclear (4.4%) and renewables (3.6%)make up the rest. This pattern of energy
consumption is embedded in global energy systems and infrastructure.

Proponents of the so-called ‘wind, water and sunlight’ (WWS) vision claim that we al-
ready have the technology for a 100% renewables world energy economy, and that this can
be achieved in the period from 2030 to 2050. Others, including even those who agree with
the decarbonisation objective, have found such analysis to be deeply flawed. To quote one
critic,

A study must, at a minimum, show through transparent inputs, outputs, analysis, and
validated modelling that the required technologies have been commercially proven at
scale at a cost comparable with alternatives; that the technologies can, at scale, provide
adequate and reliable energy; that the deployment rate required of such technologies
and their related infrastructure is plausible and commensurate with other historical ex-
amples in theenergy sector; and that thedeployment andoperationof the technologies
do not violate environmental regulations.

The WWS vision does not meet these criteria.
Recent academic research on the timescales required from invention (i.e. discovery) to

widespread commercialisation of energy technologies included empirical reviews of the
timescales required by 13 products and technologies. The average of these was between
two and four decades, with a median time of 32 years, or 43 years in the case of electric-
ity generation technologies. This does not factor in the time required to achieve a turnover
of the capital stock in which society may have invested hundreds of billions, or trillions, of
dollars. Typically, for example, the life expectancy of rail tracks is 50 years, bridges 50 years,
electricity generating plants 35– 80 years, and apartment buildings 60– 80 years. Similarly,
new technologies cannot achieve widespread dissemination in the face of consumer resis-
tance. Government policies and regulation may eliminate certain choices, but they cannot
force people to buy.

The most prominent authorities that now publish forecasts of future global energy sup-
ply, demand and emissions are the International Energy Agency, the United States Energy
Information Administration, EXXON, and British Petroleum. None of them foresees renew-
able energy rising above 10% of global energy consumption by 2035.

One must acknowledge a number of very significant barriers to rapid global decarboni-
sation. Professor Vaclav Smil, in his book Energy Transitions: History, Requirements, Prospects,
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provides a number of examples. He concludes that decarbonisation is extremely challeng-
ing and describes the idea that it can be achieved in a few decades as a ‘grand delusion’.

Professor Smil did not address another major barrier, which is the effect of decarboni-
sation policies on the distribution of economic benefits and burdens in society. Promoting
wind and solar energy, for example, may increase incomes for the companies that produce
these technologies (mostly in China), but policies that undercut the viability of oil, natural
gas and coal production and fossil-fuel-based power generation impose large losses on the
regions and communities where that production occurs. It would be unwise to ignore the
political resistance that will result. In addition, an important premise of decarbonisation
advocates is that the entire economy can be electrified soon. In many sectors, including no-
tably transportation, the necessary technologies are still in the research and development
stage.

An argument can be made that, in the face of high market costs and barriers, govern-
ments can use policy instruments to force the pace of change. This is true, especially if one
assumes that they will retain the support of the electorate in doing so. Outside of the cen-
trally planned economies, however, no government has attempted to prescribe the time-
lines for commercialisation of new technologies or the dates by which a large share of so-
ciety’s needs must be met by a new technology. Governments that try to do so will face
difficult choices as to the policy instruments that they will use. ‘Picking winners’ may be an
increasingly popular aspect of national industrial policy (despite its history of failures), but a
prudent government should be hesitant about committing billions of taxpayers’ dollars to
technologies that are not ready and cannot compete without permanent subsidies.

Much of the current public discussion concerning future energy transitions is based on
speculation about the timing, cost, and pace of commercialisation of new technologies. It
would seemmore prudent to base one’s judgments on what has actually happened in past
energy transitions. The period from scientific discovery to widespread commercialisation
has been much longer than is currently estimated by advocates of rapid decarbonisation.
None of the steps in the innovation pathway – research, discovery, testing, demonstration,
initialmarket development orwidespread commercialisation –operates according to a fixed
or predictable schedule. Governments that seek to impose their policy preferences will face
perhaps insurmountable obstacles.
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1 Introduction
The core of the public debate about climate change policy is the difference of views con-
cerning two central theses. The first is that human actions, and especially the combustion
of fossil fuels, are causing catastrophic global warming. The second is that drastic, urgent
action must be taken to avoid that warming. The debate over the second thesis, in turn, of-
ten concerns the costs and benefits of a global ‘transition’ to a low-carbon or ‘decarbonised’
world. The supporters of this thesis argue that such a transition must be accomplished as
soon as possible, and embrace scenarios in which a ‘zero-emissions’ future is achieved well
before 2100, perhaps as early as 2030.1

The recent report of the Intergovernmental Panel on Climate Change (IPCC),2 known as
SR15, postulated that global warming is likely to reach 1.5◦C above preindustrial levels be-
tween2032and2050, andwill probablybring species extinction,weather extremesand risks
to food supply, health and economic growth. Accordingly, it recommended that net carbon
dioxide emissions (i.e. the difference between the emissions, largely caused by human fossil
fuel consumption and other activities, and the sequestration of carbon in various ‘sinks’ like
forests and savannahs) decline by 45% from 2010 levels by 2030 and reach zero by 2050.

Such claims represent only an acceleration of previously stated goals that entail extraor-
dinarily large and fast transitions in the world’s energy supply and demand systems. Since
at least 2008, the IPCC and several environmental organisations have been calling for the
wealthier countries of theworld to reducegreenhousegas emissions by 50–80%below2005
levels by 2050 and for all countries to eliminate emissions entirely by 2100.

I will not attempt to engage here on the question of whether the benefits of such tran-
sitions would exceed the costs. That ground has been covered eloquently by others, and
especially in the recent writing of Bjørn Lomborg, President of the Copenhagen Consensus
Center.3 Instead, I would like to explore some of the conceptual and practical problems that
governmentswould have to address if theywere seriously to attempt tomanage a transition
of their countries’ energy systems in the periods to 2030, 2050 and beyond.

2 The nature of past transitions
History offers us some insight into how energy transitions occur. For many centuries, the
availability and use of energy sourceswas determined largely by technology and geography
– in ancient times, people relied on the combustion of wood for heating and cooking, and
upon human and animal power for transportation. As civilisation progressed, other ways of
generating energy became available and were applied – wind, peat, coal, whale oil, liquid
petroleum, natural gas and uranium succeeded one another, generally following a pattern
in which more diffuse energy sources that occupied large areas were replaced with denser
ones that required less space.

The shape of human settlements in any one place are often determined by the avail-
ability and cost of the energy sources available. Thus, in the countries of Europe, where
energy was scarce and population density high, cities and infrastructure were built in con-
fined spaces, whereas in countries with better resource endowments, with large areas and
low population densities (e.g. the United States, Canada, Australia), patterns of settlement
and building sizes were a function of the availability of generally plentiful, inexpensive and
secure energy supplies.

Many scholars have studied the transitions from one energy source to another that have
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occurred historically. Figure 1 shows the trends in the consumption of different energy
sources in the United States since 1776, a good illustration of what has happened.
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Figure 1: US energy consumption, 1776–2012
Source: EIA.4

As the graph shows, until about 1850 the overall level of energy consumption was low
and it was supplied by wood. Starting in 1850, coal began to play a larger role, rising quickly
to an early peak around 1920. Oil and natural gas began to be produced commercially
around 1860, but did not grow significantly in use until the widespread purchase of auto-
mobiles and the building of continental pipelines to move oil and gas to places where they
could be used for industrial, commercial and residential purposes. Hydroelectric generation
began in the late 19th century. With the growth in electricity consumption from the early
part of the 20th century, other sources of generationwere added, including nuclear reactors
and, most recently, renewable sources like wind and solar energy.

The pace of the evolution of the energymarkets has generally been guided by the extent
to which new technologies offered significant benefits in terms of cost, performance and
reliability over the other alternatives. In other words, the transition from one energy source
to anotherwas driven by people’s free choices in a competitivemarketplace. This was less so
in the case of electricity, for which other energy sources are not usually a direct substitute.
In many places, governments owned and operated the generation facilities and regulated
the distribution and sale of electricity, so that the choices of what to produce and sell were
not made by private suppliers and willing consumers but rather by politicians and officials.

3 Themagnitude of the challenge today
At the global level today, fossil fuels dominate energy use. According to the 2018 British
Petroleum Statistical Review of World Energy,5 the shares of energy use held by different en-
ergy sources in 2017 were as indicated in Table 1.
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Table 1: World energy consumption in 2017 by source

Source Share
(%)

Oil 34.2
Natural gas 23.4
Coal 27.6
Nuclear 4.4
Hydro 6.8
Renewables 3.6

Total 100.0

Many governments, concerned that the use of fossil fuels presents a potential risk in
terms of global warming, seem persuaded that the uses of energy sources in future should
no longer beguidedmainly by their underlying characteristics, benefits and costs, but rather
should be controlled through public policy. This control could be exercised directly by gov-
ernment fiat, as happens in centrally planned economies. Alternatively, governments could
seek to influencemarket-basedchoices through the implementationof various ‘policy frame-
works’. These frameworks today include measures such as subsidies, regulation or taxation,
or all three. In addition, many environmentalists argue that governments should intervene
in the research anddevelopmentprocess so as to favour certain technologies and todiscour-
age (and ultimately, ban) the use of coal, oil and natural gas. The same groups that support
government intervention to promote decarbonisation technologies also oppose on princi-
ple the expanded use of nuclear reactors.

Added to the difficulty of using government action to accelerate decarbonisation is the
increasing demand by its adherents that the ‘transition’ from fossil fuels to renewablesmust
occur according to a pre-determined target date or deadline.

4 The inertia of energy systems
Professor Vaclac Smil of the University of Manitoba has written several books on energy, and
in particular on the time required to achieve transitions from one set of energy sources to
another.6 Using empirical data to illustrate his case, he has argued that past transitions have
been slow, painstaking and hard to predict. Existing technologies, both for generation and
consumption of electricity, have a lot of inertia. For example, the first tractor appeared in
the late 1880s, but the use of horses in US farming did not peak until 1915, and continued in
other countries, for example in eastern Europe, into the 1980s. The use of horses and oxen
to pull ploughs continues in much of the world today.

5 Can we deliver a 100% renewables economy?
In 2012, a study by the US National Renewable Energy Laboratory (NREL) concluded that
an 80% decarbonisation of the United States electric grid could be achieved at ‘reasonable
cost’ by 2050.7 It had a major influence on the public debate about the feasibility of decar-
bonisation, at least in the US electricity system. Only a little cold water was thrown on the
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idea when, in 2014, the International Energy Agency estimated that the cost to decarbonise
the global electricity sector by 2050 would be $44 trillion.

Subsequently,Mark JacobsonandMarkDelucchi publisheda series of papers advocating
for the so-called WWS (wind, water and sunlight) vision, in which the entire energy needs
of the United States and other countries, including Canada, would be met by renewable
energy sources by 2050.8 These papers were influential in convincing a number of US states
and Canadian provinces to endorse complete decarbonisation as a public policy objective.

I addressed the WWS vision in an article published by the Friends of Science in May,
2018.9 In that article, I did not attempt to address the question of whether or not it might be
technically feasible for renewable energy sources of electricity generation to supply rising
proportions of the generation capacity in many countries. Rather, I argued that no authori-
tative source of energy supply and demand projections sees renewable energy rising above
10% of global energy consumption by 2035. In fact, every authority in this area foresees fos-
sil fuels continuing to supply by far the majority of the world’s energy needs for decades to
come. Countries that have given preferential contracts and system access to wind and solar
energy have incurred extremely large costs in the process, and the resulting sharp rises in
electricity prices have provoked strong opposition to the continuation of such policies.

The movement away from feed-in tariffs towards procurement by competitive bidding
has led to much lower prices, but also flattened the growth in investment. Some European
countries are now considering making intermittent energy suppliers bear a larger share of
the system costs they bring to the grid; these costs have previously been shared across
all generators and have ultimately been borne by electricity consumers. If these plans go
ahead, the incentive to invest in wind and solar may decline even more. Moreover, in the
countries where renewables have made the largest inroads, such as Germany, further in-
creases inmarket share are heavily contingent on the development of an economically com-
petitive bulk electricity storage technology. In a recent speech,10 Professor Fritz Vahrenholt,
an expert on German electricity policy, stated that electricity from battery storage currently
costs e0.50 per kilowatt hour (kWh), and that, despite years of research, the development
of a competitive storage technology at the scale required is ‘not foreseeable’.

Many other objections to the Jacobson/Delucchi WWS vision have been made, even by
those who share their belief in the need for a rapid energy transition. A critique published
by Clack et al.11 in June 2017 included the following points among many others:

To show that a proposed energy system is technically and economically sound, a study
must, at a minimum, show through transparent inputs, outputs, analysis, and validated
modelling that the required technologies have been commercially proven at scale at a
cost comparablewith alternatives; that the technologies can, at scale, provide adequate
and reliable energy; that the deployment rate required of such technologies and their
related infrastructure is plausible and commensurate with other historical examples in
the energy sector; and that the deployment and operation of the technologies do not
violate environmental regulations.

The WWS paper does not meet these criteria. In addition, they said, the WWS paper:
contains modelling errors: incorrect, implausible, and/or inadequately supported as-
sumptions; and the application of methods inadequate to the task. . . In short, the analy-
sis performed does not support the claim that such a system would perform at reason-
able cost and provide reliable power.

The study assumes a total of 2,604 GW of storage charging capacity, more than double
the entire current capacity of all power plants in the United States. The energy storage
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capacity consists almost entirely of two technologies that remain unproven at any scale:
5146 TWh of UTES (Underground Thermal Energy Storage) (the largest UTES facility to-
day is 0.0041 TWh) and 13.26 TWhof phase changematerials (effectively still in research
and demonstration phase) coupled to concentrating solar thermal power (CSP). To give
an idea of scale, the 100% wind, solar and hydroelectric power system proposed envi-
sions UTES systems deployed in nearly every community for nearly every home, busi-
ness, office building, hospital, school, and factory in the United States, although only a
handful exist today.

This is what the supporters of an eventually all-renewable energy future say. Others are far
more critical. In effect, there remains an enormous gap between the aspirations of those
whowould like to see a rapid, comprehensive transition from current to newer energy tech-
nologies and the economic and technological conditions foreseeable by the most presti-
gious authorities in this field. Much, however, remains unknown about the availability of
new technologies in future and about the best public policy for influencing this.

6 Results of recent research on innovation timetables
Manyother experts haveattempted todetermine the timescale from invention towidespread
commercialisation in energy supply and demand technologies. An excellent recent exam-
ple is the article published by Professor Robert Gross et al.,12 which describes the ongoing
controversy about the time required for innovations:

It has been suggested that technological innovations typically take between five and
seven decades to travel from invention to significant market shares. Perez (2002) con-
siders ‘radical’ innovations from the 1770s to 2000s, and observes that successive ‘tech-
nological revolutions’ took between 43 and 66 years to reach maturity. These include
innovations associated with the industrial revolution, steam railways, steel and electric-
ity and automobiles. Wilson and Grubler (2010) cite a variety of examples and conclude
that on a global scale it has taken 80 to 130 years for new energy technology clusters to
achieve market dominance, and about twice as long when considering the entire tech-
nology life cycle from first introduction to market maturity. . .

However, there is no consensusdefinitionof technologicalmaturity in the senseofwhen
or at whatmarket share a particular technology can be considered as firmly established,
widely available and commercially viable.

Gross et al. studied the actual ‘innovation timescales’ that were required for different
technologies. They found that it varied depending on which of three categories the tech-
nology fell into:

• novel products for newmarkets (end use electricity-consuming products)

• replacement products (end use electricity-consuming products)

• electricity generation technologies.

Generally, replacementproductsmay reachwidespread commercialisation faster than those
that require the creation of new markets, infrastructures, regulatory environment and con-
sumption patterns. The location chosen to assess the timeframe for innovation is also im-
portant, as inmany cases particular countries or regions (usually thosewith higher incomes)
have provided important early markets for new technologies. It should not be assumed, for
example, that a new technology that increases its market share in Europe or North America
will do so at the same rate in developing countries like India.
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The key findings are based on empirical review of 13 products and technologies: cars,
cathode ray tubes, nuclear power, combined cycle gas turbines, solar photovoltaics, video
cassette recorders, wind electricity, cash cards and ATMs, mobile phones, compact fluores-
cent light bulbs, lithium ion rechargeable batteries, thin film transistors, and LED lighting.
Many new technologies failed to commercialise, but for those that did, the average time
from discovery to widespread commercialisation in advanced economies was between two
and four decades. The median time from invention to widespread commercialisation was
32 years. Overall, electricity generation technologies exhibited the longest commercialisa-
tion time periods, with median times from invention to widespread commercialisation of
43 years for the four electricity generation technologies included in the study.

As to the policy consequences of these study results, those who see the global warming
challenge as urgent and potentially catastrophic will argue that there simply is not enough
time to indulge in more research and development. (Indeed, if one accepts the findings of
the IPCC SR15 report, there is not even enough time to fully deploy the technologies already
in existence!) Those who see only modest or no risks from longer timetables for mitigating
the effects of increased carbon dioxide concentrations would prefer to avoid the economic
impacts of forced or heavily subsidised deployment of existing technologies. Instead, they
would argue for increased spending on research, hoping to discover new, potentially more
proficient technologies. This is likely to have a lower cost in the long term.

7 The rate of capital turnover
Regardless of the pace at which new technologies are discovered, commercialised and de-
ployed, there is substantial ‘inertia’ built into economies because of the long economic lives
of important assets. Cars and trucks can easily last ten years or more, and infrastructure as-
sets much longer. Table 2 shows different assets and of their typical design lifetimes.

Table 2: Average life expectancy of selected assets.

Sector Example of asset Design lifetime
(years)

Transportation Paved roads 10–20
Transportation Rail tracks 50
Transportation Locomotives 30
Transportation Bridges 50–100
Transportation Buses 20–30
Energy Transmission lines 50
Energy High-voltage transformers 40
Energy Generating plants 35–80
Residential Apartment buildings 60–80
Water Reservoirs and dams 50–80+
Water Treatment plants 60–70

Typically, there are billions of dollars of society’s capital invested in these different assets;
replacing them just because a new technology arrives would impose enormous economic
costs. In addition, any new technology that enters the market will incur first-of-a-kind costs
and will typically be late and over-budget.

6



Similarly, the availability of new technologies cannot assure widespread dissemination
in the face of consumer resistance. Governments may try, for example, to promote by sub-
sidy the sale of electric vehicles, but that may continue to meet strong resistance in the
face of consumer concerns about EVs’ cost, driving range, reliability in cold weather and the
availability of recharging stations. Governments may prefer that people all live in densely-
populated urban areas with limited lands available for traditional family homes, but con-
sumers will ‘vote with their feet’ and choose to live far outside the urban boundaries.

8 Barriers to decarbonising the entire global economy
While this essay is primarily about the timetables required to achieve energy transitions, it
would be inappropriate to omit some discussion about the feasibility of the transitions pro-
posed. The publicmay perceive the changes that proponents seek as small and incremental,
the equivalent of turning down the thermostat, putting on a sweater in coldweather, or tak-
ing the bus rather that driving to work. Casting the transition in terms of a percentage or
two of change every year tends to reinforce such perceptions. To add a sense of realism,
Annex A gives examples of the major barriers to rapid decarbonisation given by Vaclac Smil
in his book, Energy Transitions: History, Requirements, Prospects.13 In essence, he says the
changes in technology and infrastructure required to decarbonise the world’s economy are
extraordinarily challenging and expensive; he describes the idea that this can be done in a
few decades as a ‘grand delusion’. However, in his book, Smil did not address one major
barrier, which is often referred to as the effect of decarbonisation policies on the distribu-
tion of economic benefits and burdens within society. Promoting wind and solar energy
may increase incomes for the companies that produce these technologies (mostly in China),
but policies that undercut the viability of oil, natural gas and coal production and fossil-fuel-
based power generation impose large losses on the regions and communities where that
production occurs. In a country like Canada, a government that chooses to pursue global
environmental benefits (if any) from forcing decarbonisation would have to justify severely
harming the resource-based economies of western Canada, Newfoundland and Labrador
and the northern territories, as well as energy-intensive industries across the whole country.
I have argued elsewhere that such policies may pose a threat to Confederation.

Much discussion of decarbonisation focuses on eliminating fossil-fuel-based electricity
generation. Globally, this represents only about 20%of energy demand, although the share
is higher in thewealthier countries. Adair Turner, head of theUK Energy Transitions Commis-
sion, recently claimed that a zero-emission global economy in all sectors can be reached by
2060 ‘at very small economic cost’.14 All that is required, according to the Commission, is to
increase electricity’s share of global energy demand from 20% today to more than 60% by
2050. In other words, total generation must grow from 20,000 TWh to up to 100,000 TWh.
Further, Turner claimed that it is ‘physically possible to run grids that rely on intermittent
renewables for 85 to 90 per cent of their power, while still delivering electricity whenever
needed.’ All that is needed is to quintuple our annual investment in renewables capacity for
the next 40 years.

This should be viewed in context. According to Bloomberg Energy Finance,15 an opti-
mistic source of news about renewable energy, global investment in renewable energy rose
from US$181.4 billion in 2008 to US$279.8 billion in 2017. The pattern of investment from
year to year has been volatile, rising sharply some years and falling in others, and has aver-
aged US$275 billion per annum for the past eight years. In 2017, China represented 45% of
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world investment. Europe’s share fell to just 15%, the lowest recorded since the data series
began in 2004. As recently as 2011, Europe accounted for as much as 45% of the global to-
tal. Renewables investment in the UK was down 65% at $7.6 billion, Germany down 35% at
$10.4 billion, and Japan down 28% at $13.4 billion. The US slipped 6% to $40.5 billion.

A quintupling of global investment would mean that annual expenditures would rise to
aboutUS$1.4 trillionper year, anunprecedenteddeparture fromcurrent trends. It is very dif-
ficult to foresee in which countries suchmajor increases in investment would come. In June
2018, China, by far the largest subsidiser of solar energy equipment supply and generation,
announced the ending of all subsidies for utility-scale solar projects in favour of competi-
tive bidding and greatly reduced feed-in tariffs. The decision to sharply reduce subsidies is
likely to slash demand there by about 40%, according to Forbes magazine.16 Yet this was in-
evitable because of mushrooming costs. China’s state-run renewable energy fund, financed
by a surcharge on users’ energy bills, is in deficit by more than 100 billion yuan (US$15.5
billion).

A central premise of the commission, and of others who foresee complete decarbonisa-
tion of the global economy, is that all of the economic sectors and services whose energy
needs are now met by fossil fuels can be electrified. Yet today the technologies needed to
make this feasible do not exist outside the laboratory, if there. That is especially the case
in the transportation sector, where the high energy density of oil products makes them the
ideal source of motive power. With currently available technology, there is no way to switch
to the use of cellulosic ethanol, to commercialise hydrogen vehicles, to electrify commer-
cial aircraft for passenger or freight movement, or to achieve widespread electrification of
heavy-duty trucks. While it is technically feasible to electrify passenger-rail and even freight-
rail systems, the costs of replacing existing locomotives, cars and infrastructure run into the
trillions of dollars, representing a financial risk that no privately-owned and operated rail
company would accept. To claim that electricification could be accomplished within a few
decades is simply beyond the pale of belief.

Themost remarkable claim in the Commission’s report, however, may be its view that hy-
drogenpowerwill play amajor role in the future energy economy. Despite the investment of
many billions of dollars in hydrogen power research, especially in the USA, the fundamental
problemswith hydrogen as an energy carrier remain. Consider, for example, the problems of
transportation and distribution. Before hydrogen can be transported anywhere, it needs to
be either liquified or compressed. To liquify it, it must be cooled to a temperature of −253◦C.
At this temperature, refrigerators are extremely inefficient; as a result, about 40% of the en-
ergy in the hydrogenmust be spent to liquify it. In addition, because it is a cryogenic liquid,
still more energy would be lost as the hydrogen boils away during transport and storage. As
an alternative to liquifying it, one could use high pressure pumps to compress it. This would
only waste about 20% of the energy in the hydrogen. However, safety-approved, steel tanks
capable of storinghydrogenat 5000psiweigh approximately 65 times asmuchas thehydro-
gen they can contain. Consequently, to transport 200 kilograms of compressed hydrogen,
roughly equal in energy content to 200 gallons of gasoline, would require a truck capable of
hauling a 13-ton load. In principle, a system of pipelines could, at enormous cost, be built
for transporting gaseous hydrogen. But because hydrogen is so diffuse, with less than one
third the energy content per unit volume of natural gas, these pipes would have to be very
big, and large amounts of energywould be required tomove the gas along the line. Another
problem is that hydrogen can penetrate readily through themost minutely flawed seal, and
can actually diffuse right through solid steel itself. This would create ample opportunities
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for much of the hydrogen to leak away during transport. As hydrogen diffuses into metals,
it also embrittles them, causing deterioration of pipelines, valves, fittings, and storage tanks
throughout the entire distribution system. Unless very carefullymonitored, the pipeline sys-
tem could become a continuous source of catastrophes. Given these technical difficulties,
the implementation of an economically viable method of hydrogen distribution from large-
scale central production factories is essentially impossible.

9 A fundamental issue – the role of governments
As noted previously, in most countries the pace of commercialisation of new technologies
outside of electricity generation has long depended on their inherent cost–performance
characteristics and the free decisions of buyers and sellers. No-one before has attempted to
prescribe the dates by which a large share of society’s needsmust bemet by a new technol-
ogy. Governments that attempt to accelerate the pace of scientific discovery, development,
commercialisation andmarket penetration thus face difficult choices as to the policy instru-
ments they should use.

A key question, of course, iswhether governments have the informationneeded tomake
choices about which products, services and technologies are the ‘right’ ones, regardless of
whether that choice depends upon their objective appeal in themarketplace or an imposed
policy imperative that emissions must be reduced. The history of government economic
regulation, of industrial planning, and ultimately central planning of the economy has gen-
erally been one of failure, far more often than of success.

Professor Peter Grossman, who has written eloquently about the history of US energy
policy, described the repeated attempts by policy makers to promote alternative energy
development through initiatives modelled on the Apollo program of the early 1960s.17 Ac-
cording to Professor Grossman, the Apollo analogy is inapt and unhelpful, because it con-
flates an engineering problemwith a commercial problem, and it deflects efforts away from
scientific advance, focusing them instead on grandiose social results.

The goal of the Apollo programwas simply to prove that theUnited States could accom-
plish the spectacular achievement of putting people on the moon and bringing them
home safely. Cost was not consequential nor was the feat meant to become a regular
function of the marketplace. . .Alternative energy technologies, however, are intended
to be more than demonstration projects.

He is especially critical of US government programs that provide financial incentives to con-
sumers to promote technologies like solar heating or electric cars.

Government forecasts for such programs have been extravagant, unrealistic and seem-
ingly oblivious to the actual processes of industrial adoption. While an argument can be
made for the use of tax credits for some types of energy projects (particularly for R&D
itself ), their successful use in a consumer program is necessarily uncertain because tech-
nological adoption rests on the consumer’s belief both that the new technology will be
cost-effective and that it will perform well over time. Cost effectiveness is not, as the
solar program demonstrated, guaranteed by tax preferences; even with tax breaks con-
sumers will be cautious about spending thousands of their own dollars. And operating
performance can only be assessed after years, often decades, of experience.

Making successful planningdecisions concerning future energy supplies depends inpart
on governments being able to judge future energymarket conditions and prices in a rapidly
evolving and highly competitive world. In the past, governments around the world have
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spent billions of dollars based on the perception that the world was running out of low-cost
oil, so that newnon-oil alternativeswould have a large competitive advantage. In fact, those
who forecast the ‘end of oil’ have been proven wrong again and again, and new exploration
and development technologies have increased supply even faster than the rapidly grow-
ing global oil demand. Today, in late 2018, the world’s oil consumption has surpassed 100
million barrels per day, yet there is so much supply available that prices are falling. In such
circumstances, a prudent government should be hesitant about investing billions of taxpay-
ers’ dollars in technologies that just are not ready and cannot compete without permanent
subsidies.

Most countries already have a raft of programs to directly support research and develop-
ment and to subsidise early adoption of these technologies. However, some governments,
including the Canadian federal government, have added a further layer of public interven-
tion in the form of carbon taxes. These have the merit of avoiding picking technology ‘win-
ners and losers’, but they are premised on the efficiency of competitive markets in making
the choices among new energy technologies how and when the market determines. The
economic theory supporting the use of such taxes therefore does not align with the impo-
sition of timelines for market acceptance.

Carbon-tax proponents insist that government intervention is needed because private
investors would be extremely unlikely on their own to make the massive investments to
hasten the conversion to new sources of energy. Yet most governments in the wealthier
countries are struggling to keep upwith existing demand for essential infrastructure, mainly
because of mounting debts and, in some countries, growing populations. The causes of the
debts are unconstrained healthcare costs, significant expansion of social entitlement pro-
grams, uncompetitive manufacturing, and tax-revenue shortfalls. In theory, governments
could choose to spend trillions of dollars on new energy systems, often at the expense of
their existing ones, but where would they obtain the funds? Further, it stretches credulity
beyond the limits to believe that the governments of developing countries, struggling to
meet the basic needs of their citizens, would instead choose to gamble on emerging, yet
unproven, energy technologies.

10 Conclusion
Much of the current public discussion concerning future energy transitions is based upon
speculation as to the technologies thatmight be available, their costs, and the rates atwhich
they might be commercialised. Anyone can dream about what the future may hold, but
it would seem more prudent to base one’s judgments on what has actually happened in
the past. Based on the history of energy transitions, the period from scientific discovery to
widespread commercialisation is much longer than is currently estimated by the advocates
of rapid decarbonisation. Depending on the technology, the process may take between
30 and 50 years, or much longer where widespread commercialisation depends upon the
replacement of long-lived infrastructure. None of the steps in the innovation pathway – re-
search, discovery, testing, demonstration, initial market development or widespread com-
mercialisation – operates according to a fixed or predictable schedule. Governments that
seek to impose their policy preferences on the outcomes will face perhaps insurmountable
obstacles.
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11 Annex A: Major barriers to rapid decarbonization
(Excerpts from Smil’s Energy Transitions: History, Requirements, Prospects )

Biomass

Even if all the world’s sugar cane crop were converted to ethanol, the annual ethanol yield
would be less than 5% of the global gasoline demand in 2010. Even if the entire US corn
harvest was converted to ethanol, it would produce an equivalent of less than 15% of the
country’s recent annual gasoline consumption.

Hydropower

Storing toomuchwater for hydropower generation could weakenmany environmental ser-
vices provided by flowing river water (including silt and nutrient transportation, channel
cutting, and oxygen supply to aquatic biota).

The total potential energy of the Earth’s runoff (nearly 370 exajoules, or roughly 80% of
the global commercial energy use in 2010) is just a grand sumof theoretical interest. Most of
that power can never be tapped for generating electricity because of the limited number of
sites suitable for large dams, seasonal fluctuations of water flows, and the necessity to leave
free-flowing sections of streams and to store water for drinking, irrigation, fisheries, flood
control, and recreation uses.

Solar and wind energy

First, direct solar radiation is theonly formof renewable energywhose total terrestrial flux far
surpasses not only today’s demand for fossil fuels but also any level of global energydemand
realistically imaginable during the 21st century. Second, only an extraordinarily high rate of
wind energy capture (which may be environmentally undesirable and technically problem-
atic) could provide a significant share of overall future energy demand. Third, for all other
renewable energies, maxima available for commercial harnessing fall far short of today’s fos-
sil fuel flux, one order of magnitude in the case of hydroelectricity, biomass energy, ocean
waves, and geothermal energy, two orders of magnitude for tides, and four orders of mag-
nitude for ocean currents and ocean thermal differences.

Average insolationdensities of 102W/m2mean thatwith today’s relatively low-efficiency
PV conversions, we can produce electricity with power densities around 30W/m2, and if to-
day’s best experimental designs become commercial realities, we could see PV generation
power densities averaging more than 60W/m2 and surpassing 400W/m2 during the peak
insolation hours. Fossil fuels are extracted with power densities of 103–104W/m2, and the
rates for thermal electricity generation are similar. Even after including all other transporta-
tion, processing, conversion, transmission, and distribution needs, power densities for the
typical provisionof coals, hydrocarbons, and thermal electricity by their combustion are low-
ered to no less than 102W/m2,most commonly to the range of 250–500W/m2. These typical
power densities of fossil-fuel energy systems are two to three orders of magnitude higher
than the power densities of wind or water-driven electricity generation and biomass cul-
tivation and conversion, and an order of magnitude higher than today’s best photovoltaic
conversions.
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In order to energize the residential, industrial, and transportation infrastructures inher-
ited from the fossil fuel era, a solar-based society would have to concentrate diffuse flows to
bridgepowerdensity gapsof two to threeorders ofmagnitude. Mass adoptionof renewable
energies would thus necessitate a fundamental reshaping of modern energy infrastructure,
from a system dominated by global diffusion of concentrated energies from a relatively lim-
ited number of nodes (i.e. sites) extracting fuels with very high power densities to a system
that would collect fuels of low energy density at low power densities over extensive areas
and concentrate them in the increasingly more populous urban centres.

In theUnited States, on average 15GWof generating capacitywere added every 20 years
from 1987 to 2007. To make a transition to renewables by 2030, 150 GW would need to be
added a year, and the longer the wait to do this the more would need to be added later on,
perhaps 200–250 GW or 20 times as much as the record rate of 2008 (8.5 GW added wind
capacity). This should suffice to demonstrate the impossibility of doing so. On top of this,
the impossible feat would require writing off in a decade the entire fossil-fueled electric-
ity generation industry and the associated production and transportation infrastructure, an
enterprise whose replacement value is at least $2 trillion.

The wind would have to come from the Great Plains and the solar from the southwest,
yet no major HV transmission lines link to East and West coast load centres. So, before you
could build millions of wind turbines and solar PV panels, you would need to rewire the
United States first with high-capacity, long-distance transmission links, at least 65,000 km
(40,000 miles) in addition to the existing 265,000 km (165,000 miles) of HV lines. These lines
cost at least $2 million/km.

Installing in 10 yearswind and solar-generating capacitymore than twice as large as that
of all fossil-fueled stations operating today while concurrently incurring write-off and build-
ing costs on the order of $4-5 trillion and reducing regulatory approval of generation and
transmission megaprojects from many years to mere months would be neither achievable
nor affordable at the best of times. At a timewhen the nation has been adding to itsmassive
national debt at a rate approaching $2 trillion a year, it is nothing but a grand delusion.
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