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Future energy sources and systems—Acting on climate
change and energy security
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Abstract

Climate change, air quality and energy security will change the way energy is used and supplied over the next century. Supplying increasing
amounts of clean and secure energy will be a challenge that will require a great deal of innovation and investment. However, this paper shows that
there are visible paths to clean and secure energy. There are plenty of resource and technology options that could lead to emissions reductions in the
heat, transport and electricity sector, while improving energy security. The costs of supplying energy from different options vary widely. However,
several clean energy options are viable today and several others are likely to be so in the future, as technologies improve, costs are reduced, and
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he competitive landscape for energy technologies evolves. Tackling climate change and energy security requires the simultaneous deployment
f available commercial clean technologies, demonstration and commercialisation of technologies at the advanced research, development and
emonstration stage, and research into new technologies.
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. Introduction

Energy is a fundamental driver of societies’ wealth and qual-
ty of life. For over a century cheap, plentiful fossil energy has
een supporting the industrialisation of many countries, and the
ncreasingly higher standards of living of their inhabitants. How-
ver, a number of separate major issues and challenges, and
heir concerted effects in particular, are likely to change the way
nergy is used and supplied over the next century.

While consciousness about environmental issues has grown,
nergy use continues to cause environmental degradation,
ncluding air, water and soil pollution. Rapidly developing coun-
ries, such as China, have severe environmental problems linked
o the rapid increase in energy use and its supply from polluting
ources and technologies. The global environmental effect of
nergy use, in the form of climate change, is a serious environ-
ental threat with no easy solution, with emissions from coun-

ries already responsible for the bulk of the emissions expected
o continue to grow.

In addition to these problems, a number of political (e.g.
war in Iraq) and climatic (e.g. hurricane Katrina) destabilising
factors, as well as constraints in supply capacity, have led to
record oil prices above $70 per barrel, not far in real terms from
the prices reached during the first oil shock in 1973. Sustained
energy demand, uncertainty over future fossil fuel reserves, and
increasing dependency on a few geopolitically unstable regions
for the known reserves of oil, cause serious concerns over energy
security, and are directing even greater political priority to this
issue. Finally, we should not forget the 1.6 billion people without
access to modern energy services.

Supplying increasing amounts of clean and secure energy will
be one of the great challenges of this century that will require
a great deal of innovation and investment. However, there are
plenty of options that could help address the problems above.
These include renewable and other low carbon electricity, alter-
native fuels such as biofuels and hydrogen, and the introduction
of more efficient conversion technologies, such as fuel cells for
different applications and running on a variety of fuels.

This paper discusses the potential evolution of the global
energy system, with a focus on the first half of this century,
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and the options for a cleaner and more secure energy supply in
different energy sectors. The paper begins with a review of the
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International Energy Agency scenarios and their implications in
terms of greenhouse gas emissions and energy security; it then
provides an overview of options for reducing greenhouse gas
emissions, and discusses their materiality requirements for con-
tributing towards stabilising emissions by the middle of this cen-
tury and providing a more diverse and efficient energy system;
this is followed by a more detailed discussion of the resource
and technology options and their technical, economic and envi-
ronmental potential and constraints; the paper concludes with
some remarks on the policy requirements of a transition to a
lower carbon and more secure energy future.

2. Energy trends

Global primary energy supply in 2003 was 10,579 Mtoe
(443EJ) [1]. It is heavily reliant on fossil fuels (80%) (Fig. 1)
and has increased by 75% in the last 30 years. Global elec-
tricity production is dominated by coal (40%), followed by gas
(19%), nuclear and hydro (15% each). Final energy consumption
is roughly equally distributed among the industrial, commercial
and residential, and transport sectors. The transport sector is
largely dependent on oil (95%), while the industrial and res-
idential and commercial sectors have a more distributed final
consumption amongst energy vectors. OECD countries account
for about half of the global final energy consumption, but less
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energy security, climate change and environmental quality. Fur-
thermore, the expected increase in energy supply will require
significant investments in energy infrastructure, adding up to
about $16 trillion by 2030. The externalities associated with such
a scenario could be significant. The IEA WEO also presents a
World Alternative Policy Scenario that depicts a more energy
efficient and environmentally friendly future compared to the
Reference Scenario. The Alternative Policy Scenario introduces
a number of policies and measures that are currently being con-
sidered by a number of countries or that might be reasonably
expected to be adopted. As a result of these measures, global
primary energy demand is 10% lower than in the Reference
Scenario in 2030, mainly as a result of the faster deployment
of more efficient technologies. The relative reduction in fossil
fuel demand and CO2 emissions is greater than that for primary
energy demand, because of the contribution of more efficient
vehicles, fuel switching from coal to gas in the power sector
and a shift in the power generation fuel mix in favour of renew-
ables and nuclear energy. The CO2 emissions are expected to
be 16% lower compared to the Reference Scenario. The invest-
ment required in this scenario is higher than for the Reference
Scenario, with a shift in investment from the supply side to the
end user.

The IEA scenarios imply that important changes are required
to address questions of local and global environmental pol-
lution and energy security. These changes are dependent on
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han 20% of the population. Energy use in 2003 accounted for
5 Gt of CO2 emissions.

Even considering a less rapid growth rate in primary energy
onsumption, 1.7% p.a. compared to an average 2% p.a. during
he past three decades, the IEA World Energy Outlook Reference
cenario [2] estimates that world primary energy consumption
ill increase by 60% in the period to 2030. The world will con-

inue being heavily reliant on fossil fuels and the demand for
hese fuels will grow significantly. Fossil fuels are expected to
ccount for about 85% of the increase in primary energy sup-
ly. Two-thirds of the growth in energy is expected to come
rom developing countries. Nuclear energy will see an increase
n capacity, mainly in Asia. Renewable energy use will continue
o grow, mainly for electricity use, but its share will remain
elatively low at about 6% of electricity supply. This Scenario
as a number of potentially serious negative implications for

Fig. 1. Global primary energy supply in 2003.
hanges and innovation in technologies, policies and consumer
ehaviour.

. Future energy—reacting to environmental pollution
nd energy security

The stabilisation of CO2 concentrations to a level of about
00 ppm is thought to be necessary to avoid significant damages
rom anthropogenic interference with the climate system. To sta-
ilise CO2 concentrations at this level requires that emissions be
eld at the present level of 7 billion GtC per year over the next 50
ears, and decline thereafter. This poses an enormous challenge
iven that annual global CO2 emissions are expected to dou-
le over the period to 2050 under a business-as-usual scenario.
urthermore, levels below 500 ppm may need to be achieved to
void significant damage from climate change. So, even stronger
ction may be required with regard to CO2 emissions [3].

Emissions reductions can be achieved through reduced
nergy demand, energy efficiency and low carbon energy supply
Fig. 2).

Pacala and Socolow [3] and Hoffert [4] discuss the impor-
ance of technological and resource transitions in stabilising
nd reducing CO2 emissions over the next century. Pacala and
ocolow [3] state that stabilisation of emissions over the next
0 years could be achieved with current available technologies,
hile emissions reductions thereafter may require major techno-

ogical advances or behavioural change. Therefore, investment
n research and development related to new energy technologies
hould be a priority today. They conceptualise carbon reductions
ver the next 50 years as a series of seven triangular “wedges”
chieving each a reduction of 1 GtC year−1 in 50 years time,



A. Bauen / Journal of Power Sources 157 (2006) 893–901 895

Fig. 2. Isoquants of increasing energy efficiency and decarbonising supplies.
The dotted lines show possible combinations of changes in energy intensity and
decarbonisation of supplies that would deliver different percentage CO2 reduc-
tions in emissions from 2000 levels, together with (in brackets) corresponding
changes in carbon intensity (C/GDP) for projected GDP growth by 2050, using
example of the UK which has adopted a goal of 60% absolute reductions. The
points at top right show the positions for 1990 and 2000.

based on an average carbon emissions growth of 1.5% under a
business-as-usual scenario. The cumulative emissions reduction
from all seven wedges over that period would be 25 GtC. Wedges
could be achieved through three main categories of options: (i)
energy efficiency and conservation; (ii) decarbonisation of the
supply of electricity and fuels; and (iii) biological storage in
forests and soils (Fig. 3).

Efficiency improvements could go a long way in helping sta-
bilise emissions and reducing the scale of the task associated
with energy supply. They depend on a wide range of innova-
tions in energy supply and in stationary and transport end uses.
As an indication, doubling the average fuel economy of vehi-
cles over the next 50 years could contribute one of the emissions
reduction wedges. Similarly, another wedge could result from
the doubling of the average fossil-based electricity production
efficiency from around 30% to around 60%. Energy conserva-
tion through behavioural changes, e.g. modal shifts in transport,
less travel, smaller vehicles, could also provide an important
contribution to the stabilisation of emissions. Energy efficiency
and conservation are an essential component in reducing emis-
sions and using resources efficiently over the long term. Given

that most growth in demand will be experienced in developing
countries, programmes aimed at the transfer of energy efficiency
measures and technologies to developing countries could have
massive benefits.

There are many options for decarbonising the supply of elec-
tricity and fuels. Decarbonisation can be achieved through the
switch to lower carbon fossil fuels (e.g. switch from coal to gas)
or nuclear fuels, the sequestration of carbon produced during the
conversion of fossil fuels, and the use of renewable resources.

Using nuclear power to achieve a wedge of emissions reduc-
tions would require 1400 or 700 GW of installed capacity
depending on whether it is displacing natural gas or coal, respec-
tively. This corresponds to 2–4 times current installed capacity.

Post-combustion carbon capture and storage (CCS) would
need to be applied to about 800 GW of baseload coal plants to
achieve a wedge of emissions reductions. Similarly, a wedge of
emissions reduction could be obtained by pre-combustion CCS
at coal plants producing 250 Mt of hydrogen per year, equiva-
lent to about six times the current rate of hydrogen production.
In the case of synthetic fuel production from coal, a wedge of
emissions reductions could be obtained by applying CCS to coal
synfuels plants producing 30 million barrels of synfuels per day,
equivalent to about 200 Sasol-scale coal-to-synfuels plants.

Renewable electricity can be used to displace fossil fuels. A
wedge of emissions reductions from renewable electricity would
require about 2000 GW of installed wind or solar electricity
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Fig. 3. The “wedges” approach to climate stabilisation.
apacity. Today’s installed wind and solar capacity is about 40
nd 7 GW, respectively. Achieving 2000 GW installed capacity
mplies an average growth rate of 8% for wind over the next 50
ears and 12% for solar. Renewable electricity can also be used
o produce hydrogen from water. It is estimated that 4000 GW
f renewable electricity would be required to achieve a wedge
f emissions reduction in the transport sector through the dis-
lacement of fossil-fuelled internal combustion engines with
ydrogen fuel cell vehicles. This corresponds to about 2 billion
ehicles, which may require converting all light duty vehicles to
ydrogen by the middle of this century [5].

Biofuels are another potentially important contributor to car-
on emissions reductions in the transport sector. A range of fuels
an be produced from biomass for use in the transport sector.
ioethanol and biodiesel are the most common biofuels used
s gasoline and diesel substitutes, respectively. If biofuels are
ssumed to be carbon neutral, indicatively 34 million barrels
er day of ethanol, roughly 50 times today’s global production,
ould be required to achieve a wedge of emissions reductions.
n average growth rate in biofuel production of 8% would be

equired over the next 50 years.
However, available technological solutions and foreseen reg-

lation may not be enough to solve the climate problem. Hof-
ert et al. [4] claim that more radical solutions are needed,
nd suggest increased efforts in pursuing the development of
ptions such as space solar power (SSP), nuclear fusion and
ssion–fusion hybrids. The main advantages of these technolo-
ies would be to increase the potential supply of energy from
olar and nuclear resources. Given the scale of the climate prob-
em human society may be faced with, Hoffert et al. [4] suggest
hat it would also be prudent to pursue geoengineering solutions
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to climate change i.e. altering the planetary radiation balance
to counteract the anthropogenic greenhouse gas effect. These
consist mainly of solutions aimed at reducing the amount solar
radiation entering the Earth’s atmosphere.

The other major issue associated with energy supply is energy
security, which can be defined as a reliable and adequate supply
of energy at reasonable prices. OECD countries’ energy imports
are on the rise, in particular European countries’ energy depen-
dency on imports is expected to rise from 50 to 70% over the
period to 2030. Like environmental impacts, energy insecurity
too results in externalities. Considering that energy is a necessary
input to all activities of a modern society, major breakdowns in
the energy delivery system can have severe economic and social
implications. However, disruption can also be caused by deliber-
ate interruptions (or simply threats of interruptions) of supplies
from producing countries. Energy insecurity therefore can also
be described as the level of risk of a physical, real or perceived,
supply disruption. The market reaction to possible future dis-
ruptions would be a sudden increase in energy price over the
expected period of impact of the disruption. This would then
cause inflation which in turn affects the performance of the eco-
nomic system and eventually results in losses in GNP and other
effects such as higher unemployment rates. A prolonged period
of high and unstable prices is a typical symptom of a high level
of insecurity. The market alone may not be capable of produc-
ing an optimal level of energy security for the society, so public
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need to be considered carefully, as these may increase with time
as a result of fuel switching driven by GHG policies and scarcity
of oil. Conversely, policies aimed at security of supply need not
have positive implications for GHG reductions.

Low carbon policies could result in additional benefits,
besides energy security, such as reduced foreign expenditure
resulting from reduced energy imports (which would allow to
recoup low carbon demand and supply side public investments),
improved air quality, and competitive advantage resulting from
a more energy efficient economy and the development of inno-
vative low carbon technologies for export.

4. Transitions to future energy sources and systems

There are plentiful of demand and supply options for address-
ing climate change and energy security issues. However, the
extent to which these will be adopted will depend on different
drivers and constraints. No single option will provide a solution
to all energy problems, but solutions will consist of a range of
options that will evolve over time.

The main drivers behind change in the energy sector are cli-
mate change, air quality and energy security. The priority of
these drivers is likely to vary geographically and with time. The
changes instigated will be constrained by technical, economic,
infrastructure, geographic and socio-political factors. Managing
transitions in resources, technologies and end uses will be cru-
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olicy intervention is likely to be required.
Improving energy security requires addressing short and

ong-term energy insecurity. The establishment of strategic oil
eserves has helped mitigate short-term energy insecurity related
o oil imports, but the gas sector remains more vulnerable to
hort-term insecurity. Long-term insecurity, related to the pro-
ressive depletion of resources and their geographic concentra-
ion, as well as political instability in those areas, cannot be dealt
ith by strategic reserves, and requires strong action in relation

o demand management, technological innovation, reliance on
omestic resources and diversification of sources of supply and
heir origin. Actions in these areas will have an increasingly
ositive impact on short-term energy security.

Demand management, including the introduction of new
ore energy efficient technologies, and increasing the share of

enewable energy are two key elements of a European Union
trategy for improving energy security. However, questions
ver the rate of introduction and potential of renewable energy
ources are leading countries to (re)consider the role of nuclear
nd coal, possibly with CCS, for electricity generation. Also,
he heat and transport sectors are the most vulnerable to energy
nsecurity, as they are generally entirely dependent on oil and
as. These are the sectors in which demand management and
iversification face the greatest challenges.

There may be synergies between actions aimed at reducing
O2 emissions and improving energy security. A policy aimed
t reducing CO2 emissions is expected to have positive impli-
ations for security of supply [6], as it is likely to promote a
ore efficient and diverse use of resources. Also, the stronger

he GHG policy the more positive the effect on security of supply
s likely to be. However, concerns over security of gas supply,
ial in effectively addressing the problems facing energy supply
nd end use.

.1. Heat and electricity

Coal, oil and natural gas are the main fuels used for heating,
ith natural gas increasingly used for heating in the commercial

nd domestic sectors. While the direct use of fuels for heating is
enerally efficient (efficiencies of modern heating systems easily
xceed 80%), there are different ways in which emission sav-
ngs can be achieved. Energy savings can be achieved through
he diffusion of more efficient heating appliances, e.g. condens-
ng boilers, and through more energy efficient buildings. The
se of combined heat and power plants result in energy savings
ompared to heat only and electricity only systems providing the
ame service. In particular, fuel cells present emissions benefits
ompared to alternatives (Fig. 4). Finally, renewable sources
uch as biomass and solar energy could substitute fossil fuels in
any heat applications [7].
Heating is possibly where the lowest cost CO2 emissions

eductions can be achieved, through efficiency measures and
uel substitution. CO2 abatement costs could be very low and
ven negative when using efficiency measures and substituting
ood chips and pellets or natural gas for higher carbon content

ossil fuels.
The electricity sector presents a wide range of options for

educing carbon emissions. For countries where the sector has
een reliant on coal, a switch to gas provides a relatively low
ost route to reducing emissions. However, rising gas prices and
oncerns over security of gas supplies could act increasingly as
constraint on the share of gas used for electricity.
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Fig. 4. Total systems emissions and primary energy use linked to large com-
mercial CHP [8]. The conventional system consists of a mix of grid electricity
from natural gas combined cycle gas turbine plant and heat from on site natural
gas boilers.

Efficiency gains can play an important role in electricity gen-
eration. For example, combined cycles with natural gas (CCGT)
or coal gasification (IGCC) could increase generation efficien-
cies to 65% (gas) and 55% (coal) by 2020 [9,10]. Also, fuel cells
could provide efficiency gains in decentralised generation appli-
cations compared to engines and turbines. System efficiencies
will depend on the fuel used, fuel cell type and its potential inte-
gration with other devices such as micro-turbines. For example,
the electrical efficiency of a solid oxide fuel cell (SOFC) sys-
tem fuelled with natural gas is estimated at 55% and that of
a SOFC coupled with a small gas turbine is estimated at 70%
[8]. However, fuel cell technology requires further development,
demonstration and cost reductions. Fig. 5 provides an indication
of cost reductions that could be achieved by fuel cell technolo-
gies as a function of their cumulative introduction (assuming a
15% learning rate).

Nuclear represents an important share of global electricity
generation (16%), and provides a low carbon option for substitut-
ing fossil fuels in centralised generation systems. Nuclear fuels
could contribute large CO2 emissions reductions in the electric-
ity sector, but significant nuclear expansion requires a solution to
the problems of radioactive waste disposal and nuclear prolifer-
ation, and the restoration of public confidence in the technology.

The costs and liabilities of nuclear energy are high, and interest
from utilities and private investors to develop nuclear plants has
been low, especially in increasingly liberalised energy markets
[11,12]. There is also indication that nuclear resources for fis-
sion reactors may be limited, and so nuclear fission could only
provide a temporary low carbon solution, possibly expected to
become exhausted during this century [4].

Carbon capture and storage (CCS) can be applied post-
combustion of the fuel, where fossil fuel is used in combustion
systems to generate electricity, or pre-combustion, where the
fossil fuel is used to produce a lower carbon content synfuel or
decarbonised hydrogen. The cost of carbon capture and storage
is estimated at $40–$60 t−1 CO2 (depending on the type of plant
and where the CO2 is stored) and estimated to contribute around
$0.015 kW−1 h−1 to the price of electricity [13]. In addition, the
generating efficiency would be reduced by 10–15% points (e.g.
from 55% to 40–45%) based on current technology. Global CO2
storage capacity in coal basins, oil and gas fields and aquifers is
estimated at about 10,500 Gt CO2, with over 90% of the storage
capacity estimated to be in onshore and offshore aquifers [14].
At current rates of emissions from fossil fuel plants, it repre-
sents a CO2 storage capacity of about 400 years. However, the
exploitation of only a fraction of the storage capacity is likely to
be viable. If viable, CCS could provide a means of prolonging
the use of fossil fuels in a CO2 constrained world.

Renewables have benefited the most from the limited drive to
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Fig. 5. Fuel cell system cost reduction curve (indicative).
roduce cleaner energy and desire to increase reliance on domes-
ic energy sources. Significant cost improvements have been

ade in wind, biomass and solar electricity as a result of tech-
ological improvements and increased penetration rates [15,16],
nd costs are continuing to decrease. Marine technologies hold
ood technical promise but are still at the demonstration stage
16].

Renewables are at present the only truly sustainable source
f energy. However, their contribution to electricity generation
emains low, except for hydroelectricity in some countries. This
s due to the generally higher costs of renewable electricity
ompared to conventional grid-based generation and difficulties
esulting from its smaller scale and more decentralised nature
16]. Although estimates of the exploitable renewable energy
otential may vary, most studies concur that it is very large (the
echnical potential being many times larger than current primary
nergy supply), in particular when the diversity of renewable
ptions is considered [17]. Renewables are also likely to be
he route to sustainable hydrogen, and hydrogen could act as
valuable means of storing intermittent renewable electricity.
he interest and value, in terms of carbon abatement in particu-

ar, of using renewables to produce hydrogen should grow as low
arbon sources of energy are more widely adopted for electricity
eneration [18].

There is a diversity of very low carbon options that have
edium-term projected costs broadly around 5 USc kW−1 h−1

Table 1). Therefore, a very low carbon electricity future is
ossible with available technologies and it need not be more
ostly [19]. The choice of resources and technologies would vary
rom region to region, and the potential for diversity (combined
ith improving storage and grid management technologies over
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Table 1
Current- and medium-term costs of electricity generation [20]

Technology Current cost
(UScents kW−1 h−1)

Medium-term projections
(UScents kW−1 h−1)

Comments

Present fossil fuel plant
Gas CCGT 3–4 Depends on fuel prices

and carbon cap/price
Coal 3.5–4.5

Low carbon electricity technologies
Carbon capture and storage (CCS) Costs based on engineering assessment, as yet no market

experience to permit learning rate derivation. The techniques
are well known but not tested for this application

Natural gas with CCS NA 4–6
IGCC coal with CCS NA 5–8

Nuclear power 5–7 4–8 Considerable disagreement over prospective future costs.
Industry provides very low cost estimates. Low historical
learning rate

Biomass
Co-firing with coal 2.5–5 2.5–5
Electricity 5–15 5–9
CHP-mode 6–15 5–12

Wind electricity Learning curve evidence and strong market growth (30% p.a.),
with good engineering data allows robust assessment for
onshore. Offshore less certain as experience is limited, but
engineering assessment, learning rate extension/proxy indicates
strong potential

onshore 5–8 2–5
offshore 9–12 3–8

Tidal stream/wave 13–20 8–13 Future costs difficult to estimate due to immaturity of
technologies. Estimates draw on parametric models of
hypothetical costs. Uncertainties are large for these technologies

Grid connected PV Robust learning curve evidence and strong market growth (25%
p.a.) suggest costs should decline strongly to 2020 and beyond.
Recent cost reduction trends appear to have declined, unclear as
to whether this is temporary (price increase due to high demand)
or result of reduction in learning rate for particular technologies

1000 kW h m−2 year−1 (temperate) 40–80 15–25
2500 kW h m−2 year−1 (tropics) 15–40 5–15

Notes: The table shows typical busbar generating costs and medium-term (generally 2020/2025) cost projections for low carbon generation. All costs inflated from
time of study to 2005, and converted at purchasing power parity rates. Cost projection methodologies in the studies are diverse. PV costs neglects offset costs (e.g.
building materials displaced by PV façade). Sources: [12,13,17,21–31].

time) suggests intermittency is not a serious obstacle.The costs
of CO2 abatement vary widely for different electricity gener-
ation options compared to fossil baselines. They could range
from around $10 t−1 CO2 saved for onshore wind compared
to electricity from gas to over $200 t−1 CO2 for photovoltaic
electricity.1

4.2. Transport

Transport is heavily reliant on oil and accounts for most
of the projected CO2 emissions growth in industrialised coun-
tries. Vehicle efficiency improvements and vehicle standards
have provided and will continue to provide important emissions
reductions per unit distance travelled [32]. Average vehicle fuel

1 This value does not account for any costs savings that might occur from
building integrated PV.

efficiency could double compared to current values, and assur-
ing that technical efficiency improvements are converted into
fuel economy gains, and not offset by increased power and size,
represents an important policy challenge. Nevertheless, atmo-
spheric stabilisation of CO2 will ultimately require transport
fuels with near-zero ‘well-to-wheels’ CO2 emissions [33]. The
options are biofuels, electricity, and hydrogen, the last two only
helping if produced from very low net CO2 energy sources.

Ethanol and biodiesel are already produced commercially
in some countries and blended with petrol and diesel, respec-
tively. They provide only a small fraction of transport fuels in
most countries where they are used, with the notable excep-
tion of Brazil where bioethanol represents around 40% of road
transport fuel in gasoline vehicles. However, biofuels are not
strictly carbon neutral, and the carbon emissions from biofuel
chains can vary significantly depending on the biomass feed-
stock and conversion process, and related materials and fuel
inputs. For example, the associated CO2 reductions compared
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Table 2
Current- and medium-term costs of biofuels production [20]

Technology Current costs (UScents l−1)
[$ GJ−1]

2020 Projections
(UScents l−1)
[$ GJ−1]

Comments

Gasoline/(diesel) cost for oil crude at ca. $50
per barrel (FOB Gulf cost)

0.34/(0.37), [10.4/(10.0)] Dependent upon oil
supplies

Ethanol from sugar cane (Brazil) 0.29, [13.5] Commercial ethanol production in Southern Brazil.
Varies with exchange rate—value provided based on
2R$/US$. Some scope for cost reduction

Ethanol from corn (US) 0.29–0.32, [13.5–14.9] Commercial ethanol production in US. Some scope
for cost reduction

Ethanol from grain (UK)a 0.38–0.65, [18.0–30.6] Commercial ethanol production in UK. Some scope
for cost reduction

Ethanol from cellulosic crops (UK)a 0.31–0.73,
[14.4–34.2]

Cost projection for commercial plant based on
engineering analysis

Biodiesel from rapeseed (UK)a 0.59–1.48, [18.0–45.0] Commercial biodiesel production in UK. Some
scope for cost reduction

F-T diesel from coppice (UK)a 0.58–0.97,
[16.2–27.0]

Cost projection for commercial plant based on
engineering analysis

Sources: [34,37,38].
a Based in US$1.8 per £ exchange rate. Higher end of the range assumes no co-product value.

to gasoline and diesel are only about 20–50% for ethanol pro-
duced from grains, 40–60% for biodiesel from rapeseed, but
up to 90% for ethanol from sugarcane in Brazil, largely because
bagasse is used for process energy [34,35]. Cost reductions asso-
ciated with the build-up of the Brazilian industry have made
its ethanol competitive, on a volume basis, at oil prices above
US$40 per barrel (though this may vary significantly depend-
ing on exchange rates) [36]. Table 2 provides an indication of
current and projected biofuels production costs.

Methods that produce ethanol and synthetic diesel from lig-
nocellulosic materials (e.g. grasses and wood) would expand the
accessible resource base, improve biofuel yields per unit of land
used, and possibly reduce the costs of producing biofuels, espe-
cially if low cost feedstocks can be used. Furthermore, these
production routes should result in very low “well-to-wheels”
emissions [37,38].

Most regions are likely to have a significant potential for bio-
fuels production, including temperate regions like Europe [39].
There could also be a significant potential for biofuels trade.
However, although biofuels could make a material contribution
to transport fuels, questions remain as to the amount of biofuels
that could be sustainably produced, taking into account ecolog-
ical and social constraints. Also, competition between different
uses of biomass for energy and materials needs consideration.

Electric and plug-in hybrid vehicles can reduce CO2 emis-
sions if the electricity is drawn from CCGT or lower carbon
s
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t
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t
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hydrogen from natural gas without sequestration could result in
marginal benefits compared with advanced gasoline or diesel
hybrid vehicle designs. But, hydrogen from fossil fuels with
sequestration, nuclear energy and renewables offers the potential
for very low “well-to-wheels” pollutant emissions. Fig. 6 gives
an indication of the energy and environmental performance of
fossil-fuelled fuel cell vehicles compared to alternatives.

An evolutionary route towards sustainable hydrogen might
start with the use of surplus hydrogen produced at chemical
or petrochemical sites, as well as local electrolysis or reforma-
tion of methane at filling stations. Initially hydrogen might be
directed at the refuelling of fleet vehicles and gradually expand
to other uses. Decentralised hydrogen production could, in the
long term, co-exist with centralised larger scale production based
on fossil (with sequestration), nuclear and renewable energy.
Hydrogen production costs vary significantly depending on the
source, and could be as low as $8 GJ−1 from large-scale natural
gas reformers. However, the development of a hydrogen dis-
tribution and refuelling infrastructure will add significantly to
the cost of the hydrogen delivered to the vehicles. For example,
distribution and dispensing costs could double the cost of the

F
H

ources. The prospects for pure electric vehicles appear to be
imited as a result of unsatisfactory ranges provided by batteries
etween recharges and inconvenience associated with recharge
imes. The prospects appear much more interesting for hybrid
ehicles, which are being heavily invested in by car manufac-
urers.

Fuel cell vehicles fuelled with hydrogen from a variety
f sources could provide significant CO2 reductions and zero
ailpipe emission. The CO2 emissions reductions strongly
epend on the source of hydrogen. Fuel cell vehicles fuelled with
ig. 6. Total systems emissions and primary energy use linked to passenger cars.
ydrogen is derived from natural gas reforming [8].
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hydrogen produced from large-scale reforming of natural gas
[40]. Hydrogen from low carbon sources is costly, so the eco-
nomic viability of low carbon transport using fuel cell vehicles
depends on the ability to deliver high efficiency and low cost fuel
cell vehicles. The costs of carbon abatement in the road trans-
port sector are generally higher than those that can be achieved
in the heating and electricity sectors. Hybrid vehicles and bio-
fuels could provide carbon savings at costs starting at around
$100 t−1 CO2.

However, reducing CO2 emissions over the long term requires
tackling the transport sector. While the focus has been on road
transport, emissions from marine transport and aviation will also
need to be tackled. Anderson et al. [41] indicate that the EU25’s
aviation sector could account for almost 40% of the total permis-
sible emissions for all sectors in 2050 under a 550 ppm regime, or
as much as 80% under a 450 ppm regime. Both continuous inno-
vation in vehicle efficiency and low carbon fuels are required to
assist a long-term transition to low carbon road transport. Hydro-
gen fuel cell vehicles appear as the long-term solution, and their
development and deployment should be a short-term priority.
Vehicles fuelled with biofuels, low carbon electricity, and hydro-
gen could all co-exist in a long-term transition to low-carbon
transport. The need to make a transition in transport fuels is also
driven by oil resource and supply security considerations. Com-
pared to the century–timescale of the climate problem, global
oil production will peak soon. Indeed, total remaining estimated
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5. Making the transition happen

There are visible paths to low carbon and more secure energy
systems, with both short and long-term options for emissions
reductions and improved energy security in the heat, electricity
and transport sectors.

Tackling climate change requires the simultaneous deploy-
ment of available commercial low carbon technologies, demon-
stration and commercialisation of technologies at the advanced
research, development and demonstration stage, and research
into new low carbon technologies. Innovation in the energy
sector needs to recognise that the evolution of technologies is
intrinsically linked with the evolution of the institutional aspects
that regulate the energy sector i.e. technical, market and envi-
ronmental regulations. Also, it needs to recognise the timescales
and effort that are required in replacing or building energy
infrastructure e.g. in the case of the development of a hydro-
gen infrastructure.

Achieving low concentrations of CO2 in the atmosphere
over the next century could also require changes in consumer
behaviour. For example, ever increasing demand for larger and
more powerful vehicles and for air travel may offset gains
achieved by low carbon technology and fuels, besides exerting
increasing pressure on finite energy resources and ecological
capacity.

There are potentially strong synergies between tackling cli-
m
c
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i
s
s
e
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onventional oil resources contain about a quarter of the total car-
on that would have to be emitted to reach 500 ppm CO2 [42].
he key will be to ensure that future investments are directed to

ower carbon energy systems.
Spending on alternative and innovative energy technologies

nd fuels has been intrinsically limited by the limited scope
or product differentiation in the energy sector. This is because
onsumers are ultimately interested in the services provided by
nergy e.g. mobility, lighting, heating. Also, the energy sector is
enerally characterised by long innovation lead times and slow
echnology diffusion. As a result, the share of sales revenue spent
n innovation less than 0.5%, which is very low compared to
ther sectors, e.g. telecommunications, information technology,
harmaceuticals, where spending is over 10% of sales revenue
43].

Many promising low carbon technologies are at the pilot and
emonstration stage e.g. fuel cells, hydrogen technologies, new
iofuel production technologies. These technologies require a
irtuous cycle of development, demonstration and market expe-
ience that will lead to their commercialisation and competi-
iveness with conventional fossil-based technologies. Learning
ncentives need to be directed to these technologies that will
nable them to move along the experience curve and achieve cost
eductions [15]. However, innovation in the energy sector needs
o recognise that the evolution of technologies is intrinsically
inked with the evolution of the institutional aspects that regu-
ate the energy sector e.g. technical, market and environmental
egulations in the electricity sector. Also, it needs to recognise
he long timescales that may be involved in displacing or build-
ng energy infrastructure e.g. in the case of the development of
hydrogen infrastructure.
ate change and improving energy security, which should be
onsidered in policy-making. Policy mechanisms are needed
hat stimulate innovation and provide supply and demand-side
ncentives to reduce CO2 emissions, while improving energy
ecurity, across a wide range of sectors. Governments need to
end strong signals about the importance of climate change and
nergy security in making energy supply and demand decisions.
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