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The energy system is currently facing a number of

challenges, most notably high consumption levels, lack of

energy access, environmental concerns like climate change

and air pollution, energy security concerns and the need for a

long-term focus. Addressing these critical issues

simultaneously will require a fundamental transformation of

the global energy system. Recent assessments show that

such transformational pathways are achievable in

technological and economic terms, but constitute formidable

governance challenges across scales. In this paper, we

discuss a long-term vision for the energy system and

elements of the transition towards this vision. This

transformation would need to be based on several key

components, including taking an integrated approach as

basis, the focus on high levels of energy efficiency and the

scale up of investments, also in RD&D.
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Introduction
For most of modern history, energy systems have been
central to economic development and social progress and
in recent decades they are an increasingly major part of
humanity’s impacts on the global environment. Today
more than ever, development of the energy system is of
critical importance for achieving major societal objec-
tives, such as sustainable economic development and

achieving the Millennium Development Goals and
avoiding disastrous climate change. Existing energy sys-
tems face several major challenges that need to be
addressed, urgently and comprehensively. First, there
is the need for meeting the rapidly increasing global
demand for energy services, to support economic de-
velopment. Second, access to modern and clean forms of
energy need to be extended to the 40% of the global
population who currently cook with solid fuels and in
general lack reliable, affordable and low-pollution house-
hold energy resources. Third, it is necessary to reduce
greenhouse gas emissions, air pollution and other
environmental impacts from energy systems, in order
to prevent dangerous climate change, adverse health
effects and impacts on land, water and biodiversity.
Fourth, the energy security for all nations and regions,
including those with no significant conventional energy
resources of their own, needs to be ensured. And finally,
current energy investments and financing need to be put
into a long-term context.

In order to address these challenges, major transformative
changes of the energy system are needed. In this paper,
we discuss the multiple challenges and possible sustain-
able energy pathways that would address these challenges
in terms of principal technological and policy com-
ponents, based on a review of existing literature. For
our assessment, we relied on a set of recent, key studies,
including the Global Energy Assessment (GEA) [1!!], the
work on the Representative Concentration Pathways
(RCPs) [2!!], the International Energy Agency’s World
Energy Outlook [3,4!!], and several model comparison
studies [5!,6!,7!!]. Several recent studies have looked into
transitions towards large-scale use of renewable energy
and efficiency, some of which also were considered here
[8–12].

Main energy challenges
Below, the five major energy challenges are discussed in
more detail.

Increasing consumption levels
Energy demand has been growing at a rapid pace in many
parts of the world. This trend started after the industrial
revolution, which ignited the explosive growth in material
consumption around the world, by enhancing human and
animate labour and biomass fuels by inanimate sources of
energy, mainly fossil fuels. Globally, over the 1850–2005
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period, energy demand grew by about 2.2%, annually
[13].

Almost all ‘conventional worlds’ energy scenarios (i.e.
assuming no major policy changes, also called
‘business-as-usual’ scenarios) anticipate energy demand
to continue to grow, worldwide. On average, scenarios in
the literature project an increase in world energy
demand by a factor of 3 over the 21st century, with a
range of between 2.5 and 5.5 [14!,15]. An important
driver is the increasing demand in low-income regions.
In ‘conventional worlds’ scenarios, fossil fuels retain a
dominant market share. This is mostly because these
scenarios assume the prices of fossil energy to remain
lower than those of alternative sources. For conventional
oil and possibly also for natural gas, current world
scenarios show a production peak as depletion of cheap
and easily exploitable deposits is likely to lead to price
increases. For coal, however, resource scarcity is not
expected to limit production or drive up prices in the
foreseeable future (please note that there is some dis-
cussion on the size of economically viable coal resources
[16]). Despite the dominance of fossil fuels, most ‘con-
ventional worlds’ scenarios also project a significant
increase in non-fossil energy production, including mod-
ern biomass and other renewables [7!!].

An important issue related to the future of fossil fuels
concerns the less-conventional resources and their
environmental impacts. For oil, these include enhanced
oil recovery techniques, tar sands, and shale rock. When
these resources are tallied, not only is the overall resource
far larger, but so too is the greenhouse gas signature per
barrel. A recent literature review found some of the
‘unconventional’ resources to have per-barrel life-cycle
emissions of more than twice to that of conventional
petrol [17]. Unless technology and policy combinations
hasten the transition away from petroleum, the resource
of increasingly polluting fuels will make protecting the
global climate more difficult. Another important non-
conventional resource is shale gas. Recent technology
advances imply significant increases in the natural gas
reserves that can be extracted from some regions (in
particular in the United States).

Energy-intensive lifestyles and inefficiency of large parts
of the energy system, particularly at the level of energy
services, are major drivers of further growth in energy
consumption. Although efficiency enhancements poten-
tially are regarded as very low-hanging fruit with low or
even ‘negative’ costs, they have proven difficult to realise,
due to institutional, market, educational and political
barriers. One of the main challenges for transformation
of the energy system, thus, will be to identify appropriate
measures to overcome implementation barriers to effi-
ciency measures, and to promote energy conserving and
sustainable lifestyles.

Lack of energy access
The energy inequalities of the modern world run deep. At
the moment, the poorer three-quarters of the world’s
population use only 10% of the world’s energy. About
1.5 billion people still lack proper access to electricity, and
around 3 billion are without access to modern fuels and
appliances for cooking [18!,19!!]. Most rural and low-
income urban households in developing nations still
depend predominantly on traditional biomass (including
charcoal and to a lesser extent coal) to meet their cooking
energy needs. Although the fraction of people without
clean fuels for cooking has been falling, the absolute
number is larger than anytime in human history.

Studies find that, in absence of dedicated policies and
investments into infrastructure, the number of people
without access will not decline [4!!,19!!,20]. This implies
that existing health impacts from household air pollution
remain (see Section ‘Environmental risks’) [21,22,23!].
Figure 1 shows the hot spots of populations most severely
affected by the lack of energy access, as well as premature
deaths caused by household air pollution. The figure also
shows the investment needs (and associated uncertain-
ties) to achieve universal access by 2030 (see also Section
‘Solutions’ on investments).

Environmental risks
Energy use plays a key role in most environmental
challenges, ranging from local to global and including
climate change, household and regional air pollution and
problems related to the use of land and water.

Climate change
Energy-related emissions from CO2 and other green-
house gases have also been increasing rapidly throughout
the last century. The major share of current greenhouse
gas emissions originates from energy consumption and
production, and this share is expected to increase further
[5!,24]. Emission scenarios show that, without new
policies, emissions would continue to grow at the histori-
cal rate, throughout the 21st century (Figure 2). This is
expected to lead to an increase of the global mean surface
temperature of between 4 and 58C, compared to pre-
industrial levels [25,26], for average climate sensitivity
values. This does lead to increasing risk levels for a
number of different climate impacts, including risks to
unique ecosystems and large-scale discontinuities
[27,28].

In order to limit climate change, significant emission
reductions are necessary. The work on low-emission
scenarios, for instance, shows that emissions need to be
reduced to around 50% of the 2000 level, by 2050, and to
around zero by the end of the century, in order for there to
be at least a 50% probability of meeting the 28C target
[29,30!,31,32,33]. This complies to a radiative forcing
level around 2.6 W/m2 in 2100 (450 ppm CO2 equiv).
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According to different studies, access to modern energy
for all may add at maximum a few per cent of total global
greenhouse gas emissions [4!!,19!!,34!!,35]. Accounting
for the full suite of greenhouse gases, including the
emissions associated with production of traditional bio-
energy and products of incomplete combustion, universal
access to modern energy for all may even result in a
marginal decline of GHG emissions [19!!,36]. The
decline in emissions is due to the large efficiency gains
of modern appliances as well as accounting for unsustain-
able harvest of biomass in some regions.

Air pollution
Energy systems are currently responsible for a large
portion of the global burden of disease which is in the
order of 5 million premature deaths annually from air
pollution and other energy related causes and more than
8% of all ill health (lost healthy life years from both
morbidity and premature mortality [23!].

Outdoor air pollution from energy systems is currently
responsible for a large portion of the global burden of
disease of around 2.7 million premature deaths annually
among both urban and rural populations. In addition,
household pollution from incomplete combustion of solid
fuels is the single most important link between energy
and ill-health. The largest exposures to this pollution
occur within and around homes, particularly in develop-
ing countries where unprocessed biomass and coal is used
for cooking and heating in simple unvented appliances.
The GEA estimated that around 2.2 million premature
deaths occur annually from exposure to household air
pollution [23!]. In addition, a significant portion of out-
door air pollution in developing countries comes from
poor combustion of household fuels. Thus, the total
impact from household fuels is roughly equal to that from
all outdoor air pollution, with some overlap. The impacts
of household pollution occur mainly among the poorest
portions of the world’s population, and particularly

20 Open issue

Figure 1

Required Access Financing
Billion 2005US$ (2010-2030)

Health benefits
(average annual
deaths avoided -

millions)Cooking Electricity

Sub-Saharan Africa 130-140 160-210 0.5

South Asia 160-180 55-60 0.8

Pacific Asia ~ 20 10-60 0.3

not assessed

not assessed

% of total population
dependent on solid fuels

Rural electricity
access rate, %

< 5.00
5.01 - 15.00
15.01 - 30.00
30.01 - 50.00
50.01 - 75.00
>75.00

< 1.00
1.01 - 25.00
25.01 - 50.00

50.01 - 75.00
75.01 - 90.00
90.01 - 95.00
>95.00

Current Opinion in Environmental Sustainability

Illustrative figure for populations lacking access to clean cooking and electricity in major problem regions of Sub-Saharan Africa, and South and Pacific
Asia. Colours denote lack of access to clean cooking and hatched areas the lack of access to electricity. The insert gives the regional costs and related
health benefits from reaching universal access by 2030 in these regions. Note that these regions account for over 85% of the total global population
without access to electricity and over 70% of the global population still dependent on solid fuels.
Source: based on [17,74!!].
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women and young children, because they experience the
highest exposures. Occupational health impacts, particu-
larly from harvesting and processing solid fuels (biomass
and coal), are the next most important impact on health
from energy systems [19!!,23!].1

The trends in air pollution derived from energy consump-
tion are anticipated to be very different across the world,
depending on local policies. In OECD countries, the
enactment of all current and planned air quality legis-
lation is expected to decrease emission levels for most
pollutants even further. In non-OECD countries, emis-
sion trends are a result of not only rapidly increasing
energy demand, but also, at several places, increasingly
tight energy policies. In other countries, air quality legis-
lation is non-existent (e.g. in Africa). Together, this
implies, even if currently legislated air pollution control
policies were implemented everywhere, only modest
declines in pollutants would be expected, as emissions
in developing countries are expected to increase. Further
tightening of air pollution policies or integration of these
policies into other policies (in particular in climate
policy), thus, are needed to reduce the burden of disease

from the energy sector [19!!], as illustrated in Figure 3 for
NOx emissions.

Land and water systems
Energy systems based on fossil sources result, among
others, in climate change and air pollution; renewable
energy, however, can still have serious impacts on land
and water systems. Bio-energy production using dedi-
cated crops, especially, could require vast land areas and
increase freshwater use [37]. Still, bio-energy plays an
important role in many mitigation scenarios. The land use
of bio-energy may compete with other activities that
require scarce productive land, such as food production
and biodiversity [38–40]. Some studies have reported that
considerable food price increases may occur as a result of
direct and indirect land-use impacts of bio-energy. The
impact of bio-energy use depends on several factors, such
as type of crop (e.g. first-generation versus second-gener-
ation crops), assumed yields, and trends in land-use
systems [41]. As a result, quite a wide range of impacts
are reported in the literature. The focus on water use is
more recent, but may still be important. Secondly, bio-
energy may have considerable greenhouse gas emissions
associated with its production. These include not only
emissions from nitrogen fertilisers and fuel, but also CO2

emissions from direct and indirect land-use change
[38,42]. These impacts may partly be mitigated; for
instance, by carefully choosing the specific bio-energy
supply chains. Other renewable sources (e.g. hydropower
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Range in emissions for scenarios without climate policy (grey area, left panel) compared to scenarios that aim at stabilisation of CO2 concentrations consistent
with a target of 28C (grey area middle panel; all scenario’s with a 2100 forcing level below 3 W/m2 have been included). For illustration, the SRES scenarios
(left panel) and GEA scenarios and RCP scenarios (middle panel) are shown. Finally, the right panel shows the temperature outcome of a typical scenario
without climate policy and a 2.6 W/m2 stabilisation scenario (uncertainty range here represents the uncertainty in carbon cycle and climate sensitivity).
Based on: [2!!,15,19!!,25,75].

1 A comprehensive update of the global health impacts of outdoor and
household air pollution along with impacts from a many other important
risk factors is forthcoming in the Global Burden of Diseases, Injuries,
and Risk Factors Study (the GBD 2010 Study). See http://www.
globalburden.org/.
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and wind power) may also impact land use, although their
impacts are mostly important at local scale.

Energy security
Uninterrupted provisioning of vital energy services —
‘energy security’ — is a high priority for every nation, city
and community. The notion, however, is strongly con-
text-dependent [1,19!!,43]. For most industrialised
countries, energy security is related to import depen-
dency and aging infrastructure. Many emerging econom-
ies have additional vulnerabilities, such as insufficient
capacity, high-energy intensity and rapid growth in
demand. In many low-income countries, finally, supply
and demand vulnerabilities overlap, making them especi-
ally insecure.

Oil plays a dominant role in the current transport system,
while its resources are geographically concentrated in
only a few countries and regions. Moreover, production
capacities are perceived as limited, resulting in price
volatilities affecting especially low-income countries.
For natural gas, supply concerns are mostly regional,
given the smaller role of global trade (e.g. in Europe).
However, the trade in liquefied natural gas (LNG) is,
more and more, connecting natural gas markets globally.
Interestingly, transitions towards electricity, as projected
in many climate mitigation scenarios, may imply that
energy security concerns with respect to electricity might
increase. With most energy scenarios leading to roughly a
doubling in fossil-fuel consumption assuming the absence

of sustainability policies, the increased dependency
would worsen energy security concerns, particularly in
resource-poor regions in Asia.

Although ensuring energy security is an important goal,
the notion has such a different meaning across countries
and regions that we have not attempted to describe the
challenge at a more aggregated scale. This implies that we
have not set a universal global goal in Section ‘A vision
towards 2050’.

Investments need to put into long-term context
One factor that contributes to the challenges described
above is the lack of long-term focus in current energy
policies. For most energy infrastructure, inertia and
possibility of a lock-in play a key role given their long
lifetimes. Current policies, however, often lack such a
long-term focus. One obvious indicator regarding a long-
term focus concerns trends in RD&D. Several studies
have tried to assess historical trends in RD&D, as well as
the current deployment of RD&D investments. These
studies show that the RD&D investments, already for
decades, have been seriously lagging behind the growth
in energy consumption — leading to a decline in RD&D
efforts. In fact, they have declined even in absolute terms
since the 1970s but show a trend reversal in recent years
[44,45!]. Traditional ‘laboratory’ research leading to pri-
vate-sector spin-offs, which has long been the model of
the R&D-to-market pathway, may give way to a more
field-based model where innovation and application are
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Trends in NOx emissions as examples of possible air pollution emission trends (left all scenarios; right only scenarios with climate policy). For
illustration, the SRES scenarios (left panel) and GEA scenarios and RCP scenarios (right panel) are shown.
Source: [76].
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tied together in settings outside of traditional university
and national laboratory settings. Similarly, also invest-
ments in the energy system and infrastructure should be
consistent with the long-term vision. It is clear that this is
currently not the case. Ensuring sufficient finance will
certainly be a key challenge in the near future, given the
difficulties in the financial markets.

A vision towards 2050
Policy objectives
In 1992, the world committed itself in the form of the Rio
declaration to (i) eradicating poverty (Principle 5), while
(ii) conserving, protecting and restoring the health and
integrity of Earth’s ecosystem (Principle 7). Since then,
several more specific objectives have been formulated in
various international agreements. Furthermore, there has
been scientific literature on sustainability criteria, most
noteworthy the recently advanced notion of planetary
boundaries, which defines a set of global environmental
sustainability criteria [46]. Taken together, a vision of a
sustainable energy future can be formulated that recog-
nises the importance of the energy system for human
development and the need for maintaining the integrity
of Earth’s biophysical systems. Such a vision should entail
the following elements:

! Universal access to electricity and clean cooking by 2030.
The electricity target is specifically motivated by the
economic and environmental gains possible from
access to electricity. Access to clean cooking is
important as the environmental impacts of traditional
stoves and fuels impact all aspects of household quality
of life including health. Development of clean stoves
and fuels lead directly to reduced health problems [22].
Both the electricity and cooking target would reduce
the current reliance of a large fraction of the population
in developing countries on traditional biomass to satisfy
basic energy needs [47!!].

! Energy for development by 2050. Although universal
access to modern energy services is a necessary part of
combating poverty in the medium term, over the longer
term it is necessary to frame the energy challenge also
in terms of energy demand associated with productive
uses, including in industry — consistent with long-
term economic development aspirations of countries
around the world.

! Reducing air pollution in compliance with the WHO air
quality guidelines (annual PM2.5 concentration < 10 mg/
m3)2 for the majority of the world population, while the
remaining populations stay well within the WHO Tier
I–III levels by 2030 [48]. This target is consistent with
the fact that many countries around the world have
adopted anti-pollution legislation and have specific

plans for further implementation of legislation in the
short term. However, current legislative plans in the
aggregate are not sufficient to achieve this target.

! Limiting global average temperature change to 28C above
preindustrial levels with a likelihood of more than 50%.3

This target is consistent with EU and UN policy
formulations [49,50] (it should be noted that the
scientific findings and current negotiations also indicate
the need to consider even more stringent targets). This
ambitious target is based on the ambition to limit the
mean global temperature increase to a level that does
not lead to dangerous anthropogenic climate change. It
should be noted that even at 28C significant climate
impacts may occur and adaptation will be required.

! Finally, improving energy security is also an important
goal. The notion, however, is interpreted so differently
in different countries and regions that we have not set a
universal global goal.

A formal adoption of such a long-term and coherent vision
of sustainable energy access may work as a guiding
principal for a global policy frameworks that have poten-
tial to advance faster than the global climate policy
agreements. Clearly, many actors (state and non-state)
need to be involved, on local, national and international
levels, in implementing energy objectives. There are
several reasons why, certainly in the long-run, inter-
national cooperation is important: (1) measures can be
more effective; (2) parties can agree on a fair burden-
sharing avoiding free-riding and/or competition; and (3)
measures may often be implemented at lower costs. At
the same time, as the current negotiations within
UNFCCC show, different national interests tend to slow
down multilateral policy-processes. As such, internation-
ally binding policies should certainly not be seen as the
only possible way to induce a transition towards a more
sustainable energy system. The nation state maintains
the initiative in deciding on energy policy instruments
and measures for the foreseeable future. We have also
seen that bilateral agreements or agreements between
groups of countries may advance agendas further, as well
as bottom-up initiatives from civil society, the private
sector and/or cities and local governments. Also within the
context of such multilevel governance, the formulation of
long-term visions and objectives increases the coherence
and effectiveness of policy formulation [51!].

The need for integrated solutions
Many assessments indicate that simultaneous achieve-
ment of the policy objectives would be possible, but that
this would require a transformation of the global energy
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2 Particles small enough to penetrate into the deep lung (PM2.5) are
considered the best indicator of the risk of pollution from combustion
sources.

3 The likelihood of 50% refers to physical climate change uncertain-
ties, including climate sensitivity, aerosol forcing, and ocean diffusivity.
It thus depicts the chances that a specific GHG pathway would stay
below the 28C temperature target. The likelihood does not imply any
political or technological probability of staying below the target.
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system over the next decades [1!!]. Studies have shown
that such a transformation would have important syner-
gistic co-benefits. At the moment, these synergies are
often overlooked, both in policy development and in
actual investments occurring on the ground. In most
countries, separate ministries and agencies are respon-
sible for dealing with each of the objectives, and few
jurisdictions have made progress in more integrated
policy-making. At the investment level, a principal
problem is that the strengths/weaknesses of different
proposals and incentives relate to different objectives.
For example, economic benefits, especially those accrued
over longer periods of time, from efficiency investments
in buildings, or health improvements from cleaner energy
supply are often not appropriable for the investors.

A large body of literature illustrates that climate change
mitigation can be an important entry point for achieving
other energy objectives. For instance, decarbonisation of
the energy system also leads to improved air quality
[25,52,53] (see also Figure 3). The GEA shows that,
globally, up to 22 million DALYs could be reduced by
2030, as a result of climate policy [19!!]. Decarbonisation
may help to further the energy security goals of individual
countries and regions by promoting a more diversified
energy portfolio that sees an increased utilisation of
domestically available renewable energy sources. Con-
versely, energy system transformations could be an
important entry point for avoiding climate change.

Many of the energy objectives have important benefits for
a broader sustainability strategy (e.g. ensuring access to
modern energy and the health benefits of reduced air
pollution). At the same time, several measures that could
promote a more sustainable development, in general,
could also have a positive impact on achieving energy
targets. For instance, women’s education is shown to have
benefits, such as in raising incomes, reducing population
growth (and thus energy use), and improving access to
modern energy [54]. In high-income countries, improving
efficiency of material use not only may help to avoid
resource depletion, but also to reduce energy use. There
are, however, also a number of critical linkages that need
to be monitored.

As mentioned before, an important example is that of bio-
energy. Given the linkages between bio-energy, climate
change, land use and water, an integrated consideration of
the energy system, land and water use is required. In fact,
this can be made more general for climate change, bio-
diversity, food and energy concerns [55].

A second example is the recent emphasis on short-lived
climate forcers and ‘black carbon’. Here, important syner-
gies, and sometimes trade-offs, exist between air pollu-
tion policies, climate change and energy access, calling for
integrated policies. Black carbon, which is part of the

particle pollution from incomplete combustion of fuels
with major health impact globally, deposits on snow and
ice to contribute to the melting of polar and mountain ice
[56]. Eliminating coal use in households, as has already
occurred in many parts of the world, and promoting
modern biomass cooking and heating stoves with
advanced combustion are major components of the
strategy required.

Solutions
There are technology pathways that fulfil the vision
Quite a number of studies have developed scenarios
to show that pathways can be identified that are consist-
ent with stabilising greenhouse gas concentration at
2.6 W/m2 or 450 ppm CO2 equiv. Such stabilisation  tar-
gets were also explored in several recent model compari-
son studies [5!,6!,33,57]. These studies typically look
into greenhouse gas emission reductions by 2050, in the
order of 50–60%. The GEA scenarios [19!!] represent an
interesting addition to this literature, as they were devel-
oped specifically to achieve the multiple targets dis-
cussed in Section ‘A vision towards 2050’ (i.e.
universal access, reduction in air pollution and reduction
in greenhouse gas emissions consistent with the 28C
target). At the aggregated level, the results of these
scenarios are very comparable to the climate policy
scenarios summarised above. Figure 4 shows one of
the GEA scenarios compared to a case with energy
intensity improvement rates following historical experi-
ence. This again emphasises the role of energy efficiency
improvement and the penetration of zero-carbon energy
sources.

Focusing more specifically on individual technologies,
energy efficiency improvement represents the most cru-
cial contribution towards achieving the vision, given its
contribution to multiple policy objectives. For instance,
for the 2.6 W/m2/450 ppm CO2 equiv. scenarios, the
EMF-22 study reports a 20% efficiency improvement,
on average, compared to the baseline (and a 30% im-
provement in 2100). Many studies have identified the
reduction in wasteful energy use in buildings, transport
and industry as the single most important strategy for
achieving energy sustainability, especially in the near and
medium term [9,19!!,24]. Successful strategies include,
for instance, the rapid introduction of strict building
codes, increased retrofit rates in buildings, introducing
efficient transport modes (or even replacing transport, for
instance, by teleconferencing) and wide-spread adoption
of best-available-technologies in industry and appliances
[19!!].

On the supply side, there are several important options.
Taking the EMF-22 study as a starting point: in the
2.6 W/m2 scenarios, the share of unabated fossil-fuel use
declines from 80% of total primary energy in the baseline
to only 35% in the 2.6 W/m2 case in 2050. Table 1 also

24 Open issue
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shows the range across scenarios, for the fossil fuel share
13–48%. Bio-energy use, other renewables, nuclear and
fossil-fuel use combined with carbon capture and storage
(CCS), all increase their share. This is already the case in
the baseline — but even more so in the 2.6 Wm2 scenario

(15%, 16%, 14% and 20%, respectively), indicating the
importance of all these options for mitigation. Again, the
ranges across the different scenarios show that the
increase for these options is robust — but that there is
a wide uncertainty range for individual options.
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One of the GEA scenarios with various options for increasing efficiency and decreasing emissions, compared to a hypothetical case with energy
intensity improvement rates following historical experience. (wCCS indicates ‘‘with carbon-capture-and-storage’’; woCCS indicates ‘‘without CCS’’).
Source: [19!!].

Table 1

Characteristics of 2.6 W/m2/450 ppm CO2 equiv. scenarios in EMF-22 compared to their respective baselines — 2050 and 2100.
Calculations are based on EMF-22 (includes 8 scenarios from 5 different modelling systems). Numbers indicate averages while numbers
between square brackets indicate the full range. The numbers between round brackets indicate values of the 2.6 W/m2 scenarios relative
to the baseline.

2000 Baseline 2.6 W/m2 scenarios

2050 2100 2050 2100

Change compared to 2000 (2000 = 100%) (%)
CO2 emissions 100 [100–100] 171 [145–242] 206 [122–347] 56 [24–96] (33) 13 [1–20] (7)
Energy 100 [100–100] 193 [169–234] 275 [256–352] 159 [79–184] (82) 200 [93–243] (72)

Share in primary energy (%)
Fossil 87 [84–94] 79 [68–95] 67 [46–92] 35 [13–48] 8 [1–20]
Fossil + CCS 0 [0–0] 0 [0–0] 0 [0–0] 20 [0–31] 14 [0–32]
Bio-energy 7 [1–9] 9 [0–13] 12 [0–23] 15 [0–28] 18 [0–29]
Nuclear 2 [2–3] 3 [1–6] 8 [1–14] 14 [3–37] 33 [4–52]
Renewable 3 [3–5] 9 [2–14] 13 [3–27] 16 [8–24] 27 [13–45]

www.sciencedirect.com Current Opinion in Environmental Sustainability 2012, 4:18–34



An important challenge here is that many available
options are associated with sustainability problems of
their own. For wind power and CCS, there is clear local
opposition based on landscape consequences and risks.
Nuclear power is associated with risks of accidents and
storage of spent fuel. Bio-energy may have severe con-
sequences for the use of land and water. Among the
different options, renewables stand out as a key option
with multiple benefits [37,58]. Renewables (with some
limitations and a possible exception of bio-energy) may
reduce greenhouse gas emissions, help to improve energy
security, stimulate economic development and offer pos-
sibilities of both centralised and off-site energy conver-
sion. The challenge here would be that renewable energy
options require high upfront capital costs, but are charac-
terised by low long-term costs (for the overall sum, they
are currently usually more expensive than fossil-fuel
alternatives). Most are also intermittent in nature so that
they require storage, still generally very expensive, and/or
back-up capacities usually natural gas or hydropower [59].
As most advanced storage technologies are costly, ‘virtual’
storage through back-up natural gas power plants is an
important bridging technology that already today sup-
ports increasing shares of intermittent renewables. The
need for effective storage can be greatly reduced through
smart grids and super grids that would connect remote
renewable resources to large, urban demand centres.

A number of studies show the need for massive scale-up
of renewables for achieving societies’ sustainability objec-
tives. Debate exists on the contribution of renewable
energy to a global energy system. Some studies show
that, theoretically, nearly all energy can be produced from
renewable energy [8,10,11,60]. However, there are large
economic and infrastructural constraints to such high
penetration rates in the next decade. As a consequence,
most energy models show much lower rates even for
stringent mitigation scenarios (in the order of 25–70%

by 2050) [7,19!!,37]. The deployment rates of renewable
energy can differ substantially across regions (Table 2).

CO2 capture and storage in geological formations (CCS) is
another important option to decarbonise fossil energy
conversion processes. Many studies indicate that the
future contribution of this technology will strongly
depend on a number of factors, such as the regional
availability of alternatives (e.g. renewable energy
sources), the relative costs of fossil fuels, and the avail-
ability of prospective geological storage sites. As a result,
the amount of CO2 captured and stored, or shipped to
appropriate storage elsewhere, may vary significantly
across different regions.

An important constraint on the transformation of energy
systems is inertia. Energy systems can only be changed
slowly over timescales of decades. Many energy technol-
ogies, such as power plants, on average, have a lifetime of
several decades [61]. The underlying infrastructure often
takes even longer to change. This implies that a trans-
formation towards a more sustainable energy system will
take a considerable amount of time, and decisions today
will influence the future for a long time. For climate
change, in fact, this is even a more prominent issue, as
many greenhouse gases will continue to stay in the
atmosphere for more than a century. The compound
inertia implies that not acting now runs the risks of
putting the 28C target out of reach within around 5–20
years [33].

Investments need to be scaled up and put into a long-
term focus
Achieving the energy transformation towards sustainable
development requires dedicated efforts to increase global
energy-related investments. Although different studies
reveal considerable uncertainty about future needs for
energy investments in specific technology options, they

26 Open issue

Table 2

Regional ranges of renewable energy deployments to meet stringent climate mitigation and pollution objectives by 2050 (in Exajoules
unless otherwise stated). Estimates from two modelling frameworks: IMAGE and MESSAGE [19!!].

Region Bio-energy Hydro-power Wind Solar1 Geo-thermal All renewables All renewables
as % of total

Sub-Saharan Africa 8.8–40.5 2.0–5.5 0.0–19.6 0.5–25.5 0.0–0.3 11.4–91.4 31–94
Centrally Planned Asia and China 6.9–24.7 9.7–10.3 3.7–8.8 0.9–40.1 0.0–0.3 21.2–84.2 24–50
Eastern Europe 1.3–2.8 0.8–1.0 0.7–5.0 0.2–6.1 0.0–0.3 2.9–15.3 23–85
Former Soviet Union 2.9–10.1 2.7–15.8 1.4–7.4 0.3–9.7 0.0–1.0 7.4–43.9 25–93
Latin America and the Caribbean 10.5–22.5 10.7–17.6 3.6–12.4 0.5–21.8 0.0–1.8 25.3–76.1 40–100
Middle East and North Africa 1.2–5.1 0.8–1.2 1.3–8.7 0.5–15.8 0.0–0.3 3.8–31.1 17–40
North America 10.0–21.5 7.2–7.9 2.6–36.7 1.2–41.6 0.0–3.4 21–111 38–89
Pacific OECD 3.4–11.3 1.4–1.7 0.6–4.9 0.2–5.4 0.1–0.8 5.7–24 26–89
Pacific Asia 5.0–11.9 1.9–7.2 1.0–2.0 0.4–14.5 0.2–1.3 8.6–36.9 15–63
South Asia 5.2–20.8 3.5–4.3 1.1–6.7 1.0–79.0 0.0–0.2 10.7–111 21–65
Western Europe 3.9–11.0 5.7–7.6 3.0–30.2 0.7–28.9 0.1–2.1 13.4–79.8 34–83
World 78.3–139 49.9–80.1 28.5–134 7–285 0.6–11.9 164–651 28–74
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clearly illustrate that present investment in energy is
neither sufficient nor compatible in structure with a
sustainable investment portfolio.

The global investments required for achieving a set of
sustainability targets are estimated to be around USD
1.7–2.2 trillion, annually (supply and efficiency), com-
pared to the present level of some USD 1.3 trillion (less
than 2% of current world GDP) [19!!,34!!]. On the one
hand, this constitutes a considerable financial flow, but,
on the other, these investment levels can be compared to
estimates of annual global fossil-fuel subsidies amounting
to more than USD 0.4 trillion [4!!]. Current spending on
environmental policies in OECD countries is also around
1–2% of GDP.

Table 3 indicates the magnitude of required investments
for key energy options over the coming decades to meet
the main energy challenges from climate to pollution, and
energy access [1!!,19!!].

Investments are subject to uncertainty. While there is
relatively high agreement across studies with respect to
current supply-side investments [19!!,62], there is sig-
nificant uncertainty about investments into demand-side
energy components and appliances. The total of USD 1.3
trillion considers, for example, 300 billion of investments
into energy components. The full uncertainty of esti-
mates for energy components ranges between USD 100
and 700 billion [45!]. As illustrated in Table 3, future
uncertainties for the required investments are relatively
wide as well, however, priority areas with particularly
large investment needs can be identified. These include
particularly, renewables, efficiency and energy infrastruc-
ture. Investments needed in these areas are an order of
magnitude bigger than the investment requirements for
achieving universal energy access (Table 3).

The goals described in Section ‘A vision towards 2050’
may help to evaluate short-term decisions in the context
of long-term objectives. WBGU [63!!] identifies four
measures for financing the long-term transformation of
energy systems: (1) Provide stable framework conditions
for energy investments based on stable policy framework
conditions with ambitious targets, for example a decar-
bonisation strategy including carbon pricing and phasing
out of subsidies for fossil energy. (2) Open up new
financing sources for developing and newly industrialis-
ing countries within the scope of the UN Framework
Convention on Climate Change (UNFCCC), though
grants for mitigation projects in developing countries
by increasing existing multilateral funds, by increasing
the current Official Development Assistance well beyond
USD 100 billion per year. For example, levies on inter-
national shipping and aviation and the introduction of a
tax on international financial transactions could generate
further funds. (3) Strengthen mechanisms to encourage

private investment because considerable private capital
exists that could be channelled towards energy financing
through suitable framework conditions and government
measures to raise the rate of return for investments (e.g.
low-interest loans), to mitigate investment the risks (e.g.
through credit guarantees), to promote institutional inves-
tors with a long-term investment horizon (e.g. pension
funds and insurance companies) and to strengthen ven-
ture and equity capital markets through favourable taxa-
tion or the Green Investment Banks. Existing
microfinancing approaches in development cooperation
could further promote decentralised energy generation
from renewable energy. (4) Encourage new business
models to overcome the high up-front investment burden
for individual investors with new financing and ownership
structures. These would allow businesses to offer their
customers combined packages in certain areas (e.g. mobi-
lity, housing, production and consumption) that include
services as well as real assets, instead of just tangible
goods. Examples are car sharing and energy contracting
provided by energy service companies.

Policies and incentives need to be put in place
Different policy mechanisms need to be put in place to
implement various technology options (and attract the
required level of resources). The correct combination of
policy mechanisms depends on the types of technologies
and objectives. Table 3 identifies ‘essential’ policy mech-
anisms that must be included for a specific option to
achieve the rapid energy system transformation, ‘desired’
policy mechanisms that would help but are not a necess-
ary condition, ‘uncertain’ policy mechanisms in which the
outcome will depend on the policy emphasis and, thus,
might favour or disfavour a specific option, and policies
that are inadequate on their own but could ‘complement’
other essential policies.

A careful consideration of the portfolio of policies is
required. It needs to include regulations and technology
standards in sectors with, for example, relatively low price
elasticity in combination with externality pricing to avoid
rebound effects, as well as targeted subsidies to promote
specific ‘no-regret’ options, while addressing affordabil-
ity. In addition, focus needs to be given to capacity
building to create an enabling technical, institutional,
legal and financial environment to complement
traditional deployment policies (particularly in the devel-
oping world).

For some objectives, such as energy access, future invest-
ment needs are comparatively modest (see Table 3).
However, a variety of different policy mechanisms —
including subsidies and regulation as well as capacity
building — need to be in place. Regulations and stan-
dards are also essential for almost all other options
listed in the table, while externality pricing might be
necessary for capital-intensive technologies to achieve

An energy vision: the transformation towards sustainability van Vuuren et al. 27
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rapid deployment (e.g. a carbon tax to promote diffusion
of renewables, CCS or efficiency). Capital requirements
for energy infrastructure are among the highest priorities
of the options listed and, hence, innovative policies would
be needed to promote leapfrogging, such as the devel-
opment of smart grids [64].

Transformation is based on RD&D effort
RD&D forms a special form of investment. Improved
technologies are needed to make the required transform-
ation, additional and redirected RD&D investments are
required. Comparison of the current RD&D expendi-
tures to the expected future contribution of mitigation
options shows a mismatch between RD&D effort and the
required technologies. Especially, there is too little R&D
and investments spent on efficiency, while compared to
the future needs for a sustainable transformation, the
investment in nuclear and fossil fuels are overrepresented
[65] (Figure 5). Efficiency is often a low-cost option and
essential for the transformation. However, it requires
significant up-front investments to achieve low costs in
the long run. This is difficult to finance under the current
market conditions that require high and immediate rates
of return. Other barriers to increasing efficiency invest-
ments include behavioural issues. In both cases, policy
frameworks are needed for providing incentives for effi-
ciency investments. Enhanced public RD&D efforts can
help reduce the costs and make the transformation more
attractive.

To be effective in the context of sustainable develop-
ment transitions, RD&D policies need to move towards a
more integrated approach, simultaneously stimulating
development and adoption of efficient and cleaner energy
technologies and measures. RD&D initiatives without
simultaneous incentives for consumers to adopt the out-
comes of innovation efforts not only risk being ineffec-
tive, but also preclude the market feedbacks and learning
that are critical for continued improvements in technol-
ogies.

Research has also shown that policies have to support a
wide range of technologies. However seductive they may
seem for decision makers, silver bullets do not exist
(certainly not without the benefit of hindsight). Inno-
vation policies should use a portfolio approach under a
risk hedging and ‘insurance policy’ decision-making para-
digm. The entire suite of innovation processes should be
included, not just particular stages or individual mech-
anisms. Less capital-intensive, smaller scale (i.e. granular)
technologies or projects are a lower drain on scarce
resources, and failure has less serious consequences.

Integrated policy-making can reap important synergies
As shown in Section ‘A vision towards 2050’, an integrated
approach to energy policy and planning would reduce the
combined costs of energy access, climate change mitiga-
tion, energy security and air pollution control. This would
result in a significantly reduced total energy bill if the
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multiple benefits of each are properly accounted for in the
calculation of total energy system costs (see Section
‘Investments need to be scaled up and put into a long-
term focus’ on investments).

The benefits of integrating policies across different objec-
tives are illustrated in Figure 6 [66!!]. The figure shows
that the sum of required investments for resolving three
energy-related global challenges independently of each
other — mitigating climate change, reducing pollution
and increasing energy security (three bars towards left).
The total investment required is much larger than that for
an integrated policy approach to achieve the same three
targets simultaneously (right-most bar).

The challenge of achieving more integrated policy-mak-
ing is both an institutional and political one. Institutional,
because governmental and sectoral organisations have
established practices, decision-making procedures, and
modes of operation, which often do not include coordi-
nation with other sectors. Political, because there are
strong vested interests associated with business as usual
pathways, both in economic terms and in terms of political
influence. Coordination and integration always include
opening up for external influences [67].

Energy policy should take account of heterogeneity
About half of the world’s population lives in urban areas,
which also accounts for the disproportionally large share
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of global economic output and energy use of between
60% and 80% [45!,68]. Projections for the urban popu-
lation is expected to approach 6.5 billion people by
2050 — about the size of the entire world population in
2005 — while the rural population would stabilise around
the current level of some 3.5 billion [69].

Given these trends, energy use in cities will dominate
future energy demand. Obviously, issues such as infra-
structure, air pollution, and the energy density mismatch
between large demand centres (e.g. cities), and distrib-
uted generation options (e.g. renewables) play an import-
ant role here. The urban situation also provides options,
such as availability of finance and the possibility of
advanced distribution systems (smart and super grids).

In a rural situation, other forms of energy demand are
more dominant (e.g. irrigation and transport). Often,
access to modern energy is lower in rural areas, given
the costs of infrastructure, requiring in some cases off-grid
solutions. Successful energy policies need to account for
this heterogeneity.

Governance and societal support
Reworking the incentive structures and governmental
machineries ‘top-down’ for more integrated decision-
making (see above) is only part of the solution. In
addition, societal support ‘bottom up’ forms an essential
element of a successful transformation process. In that
light, it should be noted that local interest might not
always be on a par with global interests. Experience in
western Europe, for instance, has shown that both CCS
and wind power may be exposed to strong local opposi-
tion, resembling popular movements against nuclear
energy and infrastructural projects such as transmission
lines. Gaining acceptance for major changes in the energy
system will depend on significant efforts to ensure trans-
parent and proactive decision-making processes with full
accountability [63!!].

Such efforts need to be nested within an overall strength-
ening of the institutional capacities for governing energy
systems development. It needs to include the building of
effective national institutions that can implement trans-
parent energy planning and decision-making, contracting
and procurements, capacities to track and monitor pro-
gress on energy access and other objectives and capacities
to implement appropriate policy assessment frameworks
to reduce environmental risks and vulnerabilities associ-
ated with strategic energy supply options.

Meeting the challenges of the energy transformation
outlined in this paper will not be possible without gov-
ernance enabling conducive political and institutional
conditions [70!]. In the last two decades, policy analysts
interested in transformation and innovation have learned
more and more about such governance.

First, the state is a central agent but certainly not the only
one. The transition should ultimately mobilise drivers of
change from society as a whole [51!]. In this context, the
state could play a role as goal setter, enabler and regulator,
and also a key source of capital for the necessary invest-
ments in infrastructure and R&D. In order to ‘organise
the unplannable’ the different roles of the state and other
actors also need further articulation at different levels
[63!!].

Second, instruments for governing technological trans-
formations need to be differentiated depending on the
technology stage and maturity [71]. This insight from
innovation studies has grown to become a central theme
in the IEAs deployment analysis. Early-stage technol-
ogies require nurturing of niches and networks, whereas
more mature technologies can benefit from more generic
economic instruments [72].

Third, learning processes, through monitoring and feed-
back of transition processes need to be firmly institutio-
nalised. The capacity of governments to provide timely
regulatory mechanisms and incentives to promote
analysis, feedback, learning and adjustment of enacted
policies will be crucial for enhancing the transformation
[73]. Instigating technological transformation on the scale
required will depend on significant institutional reform
within and across sectors, including altering not only the
regulatory structures, but also cognitions and norms
among key actors [70!].

International cooperation to speed up implementation
Most of the increase in energy use is expected to take
place in low-income countries. This implies that also
most of the investments mentioned in Section ‘Policies
and incentives need to be put in place’ will have to be
made in developing countries. Lack of capital and finan-
cial mechanisms in these countries currently represent
important barriers. International cooperation can help
address this barrier. This can be partly based on already
existing, financial instruments developed as part of inter-
national climate policy, although these would need to be
improved to reduce leakage. A second barrier is related to
good governance. Stable institutional conditions are
essential for reducing the perceived high risks by the
investors. The increasing role of emerging economies,
where much of the global economic development will
take place in the future, is a factor that will also play a
key role in the international negotiations, and is some-
thing that needs to be accounted for in institutional
arrangements.

More generally, global cooperation to enable the trans-
formation to some extent depends on nation states put-
ting global concerns and the common good before their
own short-term interests, in order to make a trend rever-
sal, particularly as far as the global economy is concerned,
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towards more sustainable development pathways [63!!].
In this context, the governance structure for the trans-
formation simply has to take on the issues of equity and
fairness [63!!].

Indicators to watch
The energy transformation  could be followed through
monitoring and measurements of goals and interim tar-
gets, regarding achieving access for the poor, efficiency
enhancements and renewable energy deployment.
Important data to monitor trends in relation to the
2050 energy vision are still lacking. IEA is an important
data source at the international level. Unfortunately,
despite their importance, there are clear limitations to
these data sources — in particular regarding the type of
information that is collected. Data on several important
topics for assessment, such as energy access and energy
end-use, are lacking. A particular challenge is the patchy
empirical foundation for the lack of energy access, and
the spatial and behavioural dimensions of energy pat-
terns.

In principle, two sets of indicators need to be established
at the global level. The first set includes indicators that
monitor the progress towards end-points of sustainability
transformation, such as greenhouse gas emissions (also
per capita), access to energy services, air pollution data
and decarbonisation rates. The second set includes those
that monitor the process, such as investments, policy
implementation, institutional capacity building,
penetration of non-fossil fuels and data on end-use effi-
ciency.

Recommendations and conclusions
In order to achieve the multiple objectives of the energy
system transformation, a large number of robust and non-
discretionary components and systems changes would
need to begin being implemented today. These energy
system changes include:

! Efforts to double the historical rate of change in the
energy intensity of the economy in order to reduce the
risk of the sustainability objectives becoming unreach-
able. Efficiency increases the flexibility of supply and
the overall cost-effectiveness of the energy system
transformation.

! A broad portfolio of supply-side options, focusing on
low-carbon energy from non-combustible renewables,
bio-energy, nuclear energy, and CCS, achieving low-
carbon shares in primary energy of at least 60–80% by
2050. These include:

" Strong growth in renewable energy, beginning immedi-
ately and reaching around 50% per year of primary
energy by 2050.

" An increasing requirement for storage technologies,
natural gas backup (virtual storage) and smart grids to

support system integration of intermittent wind and
solar energy.

" Growth in bio-energy in the medium term to 80–140 EJ
by 2050 (including extensive use of agricultural
residues and second-generation bio-energy to mitigate
adverse impacts on land use and food production).

" Nuclear energy plays an important role in the supply-
side portfolio of many but not all transformation
pathways.

" Fossil CCS as an optional bridging or transitional
technology in the medium term, and increasing the
contribution of biomass with CCS in the long term.

" Aggressive decarbonisation in the electricity sector,
reaching low-carbon shares of 75% to almost 100% by
2050; early phase-out of conventional coal power (i.e.
without CCS); natural gas power could act as a bridging
or transitional technology in the short to medium term.

! Transformative changes of the transportation sector,
possibly through electrification or the introduction of
hydrogen vehicles to improve end-use efficiency and
increase the flexibility of supply. Freight and air travel,
in contrast, are likely to be based on biofuels in order to
reduce emissions.

! Attainment of universal access to electricity and clean
cooking by 2030, which will require global partnerships
and concentrated efforts especially in sub-Saharan
Africa, Southeast Asia, South Asia and East Asia.
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