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3. Energy supply

Even with concerted efforts to exploit energy-efficiency opportunities and 
other demand-side solutions, the world’s energy needs are enormous and 
almost certain to continue growing as developing economies industrialize 
and as rising standards of living in many societies lead to increased 
demand for modern consumer goods, services, and amenities. 

For most of human history, animals and biomass supplied the vast bulk 
of human energy needs. With the advent of the Industrial Revolution 
roughly two centuries ago, humans began to turn increasingly to hydrocar-
bons as their primary source of energy, marking a profound shift that 
brought with it an era of unprecedented technological, socio-economic, 
and cultural change. Today, as concerns about environmental sustainabil-
ity and energy security mount, the necessity of a third transition—to a new 
generation of energy supply technologies and resources—seems increas-
ingly inevitable, if still not quite imminent. Even as the world remains 
largely dependent on coal, oil, and natural gas, early elements of that tran-
sition are beginning to come into view. 

This chapter reviews the supply-side energy technologies and resources 
that are likely to play a role in the transition to a sustainable energy future. 
Separate sections cover fossil fuels, nuclear power, non-biomass renewable 
resources, and biomass energy. In general, the focus is on supply-side 
solutions that could make an appreciable contribution to meeting world 
energy needs in the next 20 to 40 years. Longer-term options, such as 
nuclear fusion, methane hydrates, and hydrogen (as an energy carrier) are 
discussed briefly but do not receive extensive treatment here. 

3.1 Fossil fuels
Fossil fuels—coal, petroleum, natural gas, and their byproducts—supply 
approximately 80 percent of the world’s primary energy needs today. Use 
of these fuels drives industrialized economies and has become integral to 
virtually every aspect of productive activity and daily life throughout the 
modern world. Yet almost from the beginning, humanity’s steadily grow-
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ing dependence on fossil fuels has been a source of anxiety as well as pros-
perity. As early as 1866, when the Industrial Age was just getting under-
way, the British author Stanley Jevons wondered how long his country’s 
coal reserves would last. Coal turned out to be a more abundant resource 
than Jevons could have imagined, but similar questions have long been 
asked about the world’s petroleum and natural gas supply. More recently, 
concerns about global climate change have emerged as a new—and 
perhaps ultimately more limiting—constraint on the long-term sustaina-
bility of current patterns of fossil-fuel use. 

Those patterns suggest that fossil fuels will continue to play a dominant 
role in the world’s energy mix for at least the next several decades, even 
with concerted efforts to promote energy efficiency and non-carbon alter-
natives. How to manage and improve humanity’s use of coal, petroleum, 
and natural gas resources during the transition to a more sustainable 
energy future—and in particular, whether it is possible to do so in ways 
that begin to mitigate climate change and energy security risks while also 
responding to the urgent energy needs of developing countries—is there-
fore a key question for policymakers and political leaders the world over. 
This section describes the specific challenges that exist today in connection 
with each of the major fossil fuel options. A significant portion of the 
discussion focuses on the prospects for a new generation of climate-
friendly coal technologies because of the unique potential they hold for 
advancing multiple economic, development, energy security, and environ-
mental policy objectives. 

Status of global fossil-fuel resources
As context for this discussion, it is useful to begin by reviewing the status 
of fossil fuel resources in relation to current and projected patterns of 
consumption. Table 3.1 shows proved reserves of natural gas, oil, and coal 
relative to current levels of consumption and relative to estimates of the 
total global resource endowment for each fuel. Proved reserves reflect the 
quantity of fuel that industry estimates, with reasonable certainty based on 
available geological and engineering data, to be recoverable in the future 
from known reservoirs under existing economic and operating conditions. 
Proved reserves generally represent only a small fraction of the total global 
resource base. Both figures tend to shift over time as better data become 
available and as technological and economic conditions change. In the 
case of oil, for example, estimated reserves grew for much of the last half 
century because improved extraction capabilities and new discoveries 
more than kept pace with rising consumption. This has begun to change 
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in recent years, however, prompting concern that oil production could 
peak within the next few decades leading to a period of inevitable decline 
in available supplies. 

Global coal supplies—both in terms of known reserves and estimated 
total resources—are far more abundant than global supplies of conven-
tional oil and natural gas (Table 3.1); for the latter fuels, the ratio of known 
conventional reserves to current consumption is on the order of 40–60 
years, whereas known coal reserves are adequate to support another 150 
years at 2006 rates of consumption. Obviously, any estimate of known 
reserves—since reserves are a measure of the resource base that is 
economically retrievable using current technology—is subject to change 
over time: as prices rise and/or technology improves, estimated reserves 
can grow. Nevertheless, price and supply pressures are likely to continue to 
affect oil and natural gas markets over the next several decades (Table 3.1). 
The inclusion of unconventional resources greatly expands the potential 
resource base, especially for natural gas, if estimates of ‘additional occur-
rences’—that is, more speculative hydrocarbon deposits that are not yet 
technically accessible for energy purposes, such as methane hydrates—are 
included. This will be discussed further in the section on unconventional 
resources. 

Consumption (EJ)

Table 3.1 Consumption, reserves, and resources of fossil fuels
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1860 – 
1998a 

1999 – 
2006b 

1860 – 
2006ª,b 2006b

Oil 5,141 1,239 6,380 164 6,888 41 92% 32.4 198

Natural gas 2,377 785 3,163 109 7,014 63 45% 49.8 461

Coal 5,989 878 6,867 130 19,404 147 35% 199.7 1,538

Note: Under Resource base, � zettajoule (ZJ) equals �03 exajoules (EJ). Resources are defined as 
concentrations of naturally occurring solid, liquid, or gaseous material in or on the Earth’s crust in such 
form that economic extraction is potentially feasible. The Resource base includes proven reserves plus 
additional (conventional and unconventional) resources. Unconventional resources could extend lifetime 
of oil, gas, and coal by a factor of 5-�0, but their extraction will involve advanced technologies, higher 
costs, and possibly serious environmental problems

Sources: (a) UNDP, UNDESA, WEC, 2000: Table 5.�. (b) BP, 200�
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 In sum, near-term energy security and supply concerns are mostly rele-
vant for oil and, to a lesser extent, for natural gas. These concerns are seri-
ous given the central role both fuels now play in the global energy econ-
omy. With the notable exception of Brazil, which uses substantial quanti-
ties of ethanol as a vehicle fuel, transportation systems throughout the 
world continue to rely almost exclusively on petroleum products. The rapid 
modernization of large developing countries like China and India, 
combined with stagnant or falling vehicle fuel-economy in major consum-
ing countries like the United States and continued growth in freight and 
air transport, has sharply increased global oil demand in recent years, 
straining the capacity of producing countries and generating strong 
upward pressure on oil prices. Most of the world’s proven reserves of 
conventional oil are concentrated in a few large deposits in a few regions of 
the globe, most notably, of course, in the Middle East. Natural gas, mean-
while, is already an important source of energy in many parts of the world 
and—as the cleanest and least carbon-intensive fossil-fuel option—has an 
important role to play in mitigating greenhouse gas and other pollutant 
emissions in the transition to a next generation of energy technologies. 
Though remaining natural gas reserves are more widely distributed 
around the world than oil reserves, regional supply constraints and high 
prices are beginning to affect gas markets as well, driving investments to 
develop new resources and to expand global capacity for producing and 
transporting liquefied natural gas. 

Defining the sustainability challenge for fossil fuels
For oil and natural gas, ther efore, the immediate policy challenge consists 
of finding ways to enhance and diversify supplies in an environmentally 
acceptable manner while, at the same time, reducing demand through 
improved end-use efficiency and increased use of alternatives such as 
biomass-based fuels (these topics are covered elsewhere in this report). 
Overall, however, the estimates in Table 3.1 suggest that resource adequacy 
per se is not likely to pose a fundamental challenge for fossil fuels within 
the next century and perhaps longer. Coal, in particular, is abundant—both 
globally and in some of the nations that are likely to be among the world’s 
largest energy consumers in the 21st century (including the United States, 
China, and India). At present, coal is used primarily to generate electricity 
(the power sector accounts for more than 60 percent of global coal 
combustion) and as an energy source for the industrial sector (e.g., for 
steel production). More recently, rising oil and natural gas prices have 
generated renewed interest in using coal as a source of alternative liquid 
fuels. 
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Without substantial technology improvements, however, increased reli-
ance on coal to meet a wider array of energy needs—while perhaps positive 
from an energy security standpoint—would have serious environmental 
implications. Coal combustion in conventional pulverized-coal steam-elec-
tric power plants and coal conversion to liquid or gaseous fuels using 
conventional methods—that is, without carbon capture and sequestra-
tion—generates substantially larger quantities of carbon dioxide than does 
the direct combustion of oil or natural gas. Of course, the carbon gener-
ated in the process of converting coal to liquid fuel can theoretically be 
captured and sequestered (although few if any recent proposals for coal-to-
liquids production provide for carbon capture). The carbon in the resulting 
liquid fuel is still released, however, when the fuel is combusted, generat-
ing in-use greenhouse gas emissions similar to those associated with 
conventional gasoline or diesel fuel. From a climate perspective, therefore, 
coal-to-liquids technology generates emissions that are—at best—roughly 
equivalent to those of the conventional fuels it replaces. If carbon dioxide 
is not captured and sequestered as part of the conversion process, coal-to-
liquids generate as much as two times the full fuel-cycle emissions of 
conventional petroleum.

Thus, climate impacts, more than resource depletion, are likely to 
emerge as the most important long-term constraint on fossil-fuel use in 
general, and coal use in particular. Current means of utilizing fossil fuels 
all produce emissions of carbon dioxide, the primary greenhouse gas 
directly generated by human activities. Today’s known reserves total more 
than twice the cumulative consumption that occurred between 1860 and 
1998 (Table 3.1). Even if future consumption of fossil fuels were limited to 
today’s known reserves, the result of burning these fuels (absent measures 
to capture and sequester resulting carbon dioxide emissions) would be to 
release more than double the amount of carbon that has already been 
emitted to the atmosphere. Accordingly, much of the remainder of this 
discussion focuses on the prospects for a new generation of coal technolo-
gies that would allow for continued use of the world’s most abundant 
fossil-fuel resource in a manner compatible with the imperative of reduc-
ing climate-change risks. 

Coal consumption is expected to grow strongly over the next several 
decades primarily in response to rapidly increasing global demand for 
electricity, especially in the emerging economies of Asia. At present, coal 
supplies nearly 40 percent of global electricity production; as a share of 
overall energy supply, coal use is expected to remain roughly constant or 
even decline slightly, but in absolute terms global coal consumption is 



�2  IAC Report | Energy supply

expected to increase by more than 50 percent over the next quarter 
century— from 2,389 million tons oil equivalent in 2002 to 3,601 million 
tons oil equivalent in 2030, according to the most recent IEA (2006) refer-
ence case forecast. Increased consumption is all but inevitable given that 
coal is by far the most abundant and cheapest resource available to China 
and India as these countries continue industrializing and seek to raise 
living standards for hundreds of millions of people. China alone is expand-
ing its coal-based electric-generating capacity by some 50 gigawatts per 
year, or the equivalent of roughly one large (1 gigawatt) power plant per 
week. At 1.9 billion metric tons in 2004, its coal use already exceeds that of 
the United States, Japan, and the European Union combined. At the 
annual growth rate of 10.9 percent in 2005, China’s coal consumption 
could double in seven years. India is in a similar situation with rapid 
economic growth and a population that is expanding more quickly than 
China’s. 

Advanced coal technology options
Today’s dominant coal-using technologies involve the direct combustion of 
finely ground, or pulverized, coal in steam boilers. Older coal plants and 
coal plants in much of the developing world operate at relatively low rates 
of efficiency and generate large quantities of sulfur dioxide, nitrogen 
oxides, soot, and mercury as well as carbon dioxide. These pollutants 
create substantial public health risks, especially where emissions remain 
largely unregulated (as is the case in many developing countries). In some 
parts of the world, emissions from coal-fired power plants also contribute 
to pollution transport problems that transcend national and even continen-
tal borders. In addition, coal mining itself typically produces substantial 
local environmental impacts and poses significant health and safety risks 
to miners. Over time, pulverized coal technology has improved to achieve 
electricity-production efficiencies in excess of 40 percent and sophisticated 
pollution control technologies have been developed that can reliably 
reduce sulfur, nitrogen, particulate, and toxic air emissions by 97 percent 
or more. Importantly, these technologies do not reduce carbon dioxide 
emissions, which remain essentially uncontrolled in current conventional 
coal applications. 

Significant environmental benefits can therefore be achieved simply by 
raising the efficiency of conventional pulverized coal plants (thereby reduc-
ing fuel consumption and carbon emissions per unit of electricity gener-
ated) and by adding modern pollution controls. Figure 3.1 plots the average 
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conversion efficiency of coal-fired power plants in different countries over 
time. The graph shows that several countries have achieved significant 
improvements in average efficiency over the last decade, but that further 
progress has slowed or plateaued in several cases. Remaining variation in 
average power-plant performance across different countries suggests there 
is room for further gains and that substantial carbon reductions can be 
achieved from efficiency improvements at conventional coal plants. Mean-
while, a new generation of coal technologies offers promise for further 
improving efficiency, generating useful co-products, and enhancing oppor-
tunities for cost-effective carbon capture and sequestration. 

Two technologies that improve on conventional pulverized coal technol-
ogy have been under development for some time and are already in 
commercial use worldwide. So-called ‘supercritical’ systems generate 
steam at very high pressure, resulting in higher cycle efficiency and lower 
emissions. Currently, about 10 percent of orders for new coal-fired plants 
are for supercritical steam systems. Of the more than 500 units of this type 
that already exist, most are in the countries of the former Soviet Union, 
Europe, and Japan. Another technology, known as fluidized-bed combus-

Figure 3.� Efficiency of coal-fired power production

Source: Graus and Worrell, 200�.
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tion, was developed as early as the 1960s. By combusting coal on a hot bed 
of sorbent particles, this technology capitalizes on the unique characteris-
tics of fluidization to control the combustion process. Fluidized-bed 
combustion can be used to burn a wide range of coals with varying sulfur 
and ash content while still achieving advanced levels of pollution control; 
currently, some 1,200 plants around the world use this technology. Fluid-
ized-bed systems have actually become less common in power plant appli-
cations, however, because the technology is best suited for smaller-scale 
applications (e.g., 30 megawatt units). 

In contrast to supercritical or fluidized-bed systems, further advances in 
coal technology are likely to involve first gasifying the coal rather than 
burning it directly in pulverized form. Gasification converts coal (or poten-
tially any carbon-containing material) into a synthesis gas composed 
primarily of carbon monoxide and hydrogen. The gas, in turn, can be used 
as a fuel to generate electricity; it can also be used to synthesize chemicals 
(such as ammonia, oxy-chemicals, and liquid fuels) and to produce hydro-
gen. Figure 3.2 describes the potential diversity of applications for coal 
gasification technology in schematic form. 

Gasification technology itself is well developed (worldwide, some 385 
modern gasifiers were in operation in 2004), but historically it has been 
used primarily in industrial applications for the production of chemicals, 
with electricity generation as a secondary and subordinate process. More 
recently, interest has focused on coal-based integrated gasification 
combined cycle (IGCC) technology as an option for generating electricity. 

Figure 3.2 From coal to electricity and usable products
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The gasification process not only allows for very low emissions of conven-
tional pollutants, it facilitates carbon capture and sequestration and allows 
for the simultaneous production of valuable co-products, including liquid 
fuels. Given that high levels of pollution control can also be achieved in 
state-of-the-art pulverized coal plants, the latter two attributes provide the 
primary motivation for current interest in coal IGCC. 

The first IGCC power plant was tested in Germany in the 1970s, but 
commercial-scale applications of this technology for electricity generation 
remain limited to a handful of demonstration facilities around the world. 
This situation may change significantly in the next few years, given rapidly 
growing interest in IGCC technology and recent announcements of a new 
round of demonstration plants in the United States and elsewhere. At the 
same time, concerns about cost, reliability, and lack of familiarity with 
IGCC technology in the electric power industry are likely to continue to 
present hurdles for some time. Cost estimates vary, but run as much as 
20–25 percent higher for a new coal IGCC plant compared to a conven-
tional pulverized coal plant, particularly if the conventional plant lacks 
modern pollution controls for sulfur and nitrogen oxide emissions. In 
addition, gasification-based processes are more sensitive to coal quality; 
from a cost perspective, the use of coals with lower heating values further 
disadvantages IGCC technology relative to the conventional alternatives. 
This may be a significant issue in countries like China and India that have 
large deposits of relatively poor-quality coal. 

The higher cost of coal IGCC technology can obviously create a major 
impediment in some developing countries where access to capital may be 
constrained and where competing economic and development needs are 
particularly urgent. Often, advanced coal systems are also more compli-
cated to construct and operate and more difficult to maintain. This need 
not be an impediment per se (apart from the cost implications) since 
construction and operation can usually be outsourced to large multi-
national companies, but the need to rely on outside parts and expertise 
may be viewed as an additional disadvantage by some countries. To over-
come these obstacles, some countries have adopted incentives and other 
policies to accelerate the demonstration and deployment of IGCC technol-
ogy, but the vast majority of new coal plants proposed or under construc-
tion in industrialized and developing countries alike still rely on pulver-
ized coal technology. Given that each new facility represents a multi-
decade commitment in terms of capital investment and future emissions 
(power plants are typically expected to have an operating life as long as 75 
years), the importance of accelerating the market penetration of advanced 
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coal technologies is difficult to overstate.
Future efforts to speed the deployment of cleaner coal technologies 

generally and IGCC technology in particular will be affected by several 
factors: the cost of competing low-emission options, including post-
combustion carbon capture and sequestration for conventional coal tech-
nologies as well as natural gas and renewable technologies; the existence 
of continued support in the form of incentives, public funding for related 
research and development (R&D) activities, and favorable regulatory treat-
ment; and—perhaps most importantly—the evolution of environmental 
mandates, especially as regards the control of greenhouse gas emissions.28 
The next section of this chapter provides a more detailed discussion of the 
prospects for different coal technologies—including conventional pulver-
ized coal technology and oxy-fuel combustion as well as coal gasification—
in combination with carbon capture and sequestration. Among other 
things, it suggests that for power production alone (that is, leaving aside 
opportunities to co-produce liquid fuels), the cost advantages of familiar 
pulverized coal technology relative to IGCC could largely offset the cost 
disadvantages of post-combustion carbon capture. Another important 
finding is that sequestration is not currently expected to pose any insur-
mountable challenges, either from the standpoint of available geologic 
repositories or from the standpoint of the technology needed to capture, 
transport, and inject carbon waste streams. Nevertheless, carbon capture 
and sequestration will generally represent an added cost (except perhaps in 
some instances where it can be used for enhanced oil recovery) and experi-
ence with sequestration systems at the scale necessary to capture emis-
sions from commercial power plants remains limited at present.

Whichever technology combination proves most cost-effective and 
attractive to the investors, the price signals associated with future carbon 
constraints will need to be predictable and sufficient in magnitude to over-
come remaining cost differentials when those cost differentials reflect not 
only the cost and risk premium associated with advanced coal technologies 
but the cost and feasibility of capturing and sequestering carbon. Progress 
toward reducing those cost differentials would greatly enhance the pros-

�8 The gasification process also facilitates the capture of conventional air pollutants, like 
sulfur and nitrogen oxides. Regulatory requirements pertaining to the control of these and 
other pollutants (like mercury) could therefore also affect the cost competitiveness of IGCC 
systems relative to conventional pulverized coal systems. Given that effective post-combus-
tion control technologies for most of these non-greenhouse gas emissions are already well-
demonstrated and commercially available, carbon policy is likely to be a decisive factor 
governing future IGCC deployment.
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pects for a successful transition toward sustainable energy systems given 
the relative abundance and low cost of the world’s coal resource base. 
Besides providing electricity, advanced coal gasification systems with 
carbon capture and sequestration could become an important source of 
alternative transportation fuels. 

 Technologies already exist for directly or indirectly (via gasification) 
converting solid hydrocarbons such as coal to liquid fuel. Such coal-to-
liquids systems may become increasingly attractive in the future, espe-
cially as countries that are coal-rich but oil-poor confront rising petroleum 
prices. Unfortunately, existing liquefaction processes are energy intensive, 
require large quantities of water, and generate very substantial carbon 
emissions. Modern, integrated gasification systems that produce both elec-
tricity and clean-burning liquid fuels offer the potential to greatly improve 
overall cycle efficiency and environmental performance, especially if 
coupled with cost-effective carbon capture and sequestration.

In the near future, new coal IGCC facilities are most likely to be 
constructed in the United States, Japan, and—to a lesser extent, given rela-
tively small growth in overall coal capacity—the European Union. Some 
developing countries, notably China and India, have also expressed strong 
interest in this technology. In sum, knowledgeable observers express 
different degrees of optimism (or pessimism) about the prospects for 
accelerated diffusion of advanced coal technologies, but there is little 
disagreement about the nature of the obstacles that stand in the way or 
about how much may be at stake in successfully overcoming them.29

Carbon capture and sequestration
Successful development of carbon capture and sequestration technology 
could dramatically improve prospects for achieving the goal of reducing 
greenhouse gas emissions. From a technical standpoint, several options 
exist for separating and capturing carbon either before or after the point of 
fuel combustion. In addition, the magnitude of potentially suitable storage 
capacity in geologic repositories worldwide is thought to be sufficient to 
accommodate many decades (and perhaps centuries) of emissions at 
current rates of fossil-fuel use. At the same time, however, substantial 
hurdles must be overcome: large-scale efforts to capture and sequester 
carbon will add cost, will require additional energy and new infrastructure 
(including pipelines to transport the carbon dioxide to sequestration sites 

�9 For additional information on advanced coal technologies, see the MIT (�00�) report, The 
Future of Coal.
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and wells to inject it underground), may necessitate new institutional and 
regulatory arrangements, and may have difficulty winning public accept-
ance. Operational experience to date with some of the requisite systems for 
implementing carbon capture and sequestration has come primarily from 
the chemical processing, petroleum refining, and natural gas processing 
industries and from the use of compressed carbon dioxide for enhanced 
oil recovery. Several demonstration projects specifically aimed at exploring 
carbon capture and sequestration as a greenhouse gas-reduction strategy 
are now proposed or underway and two industrial-scale facilities are 
currently implementing carbon dioxide storage for the sole purpose of 
avoiding emissions to the atmosphere. Nevertheless, large-scale deploy-
ment of such systems is likely to continue to be slow—except in those 
instances where enhanced oil recovery provides favorable economic oppor-
tunities—without compelling regulatory or market signals to avoid carbon 
dioxide emissions.

carbon capture 
The most straightforward way to capture carbon from fossil energy sys-
tems is to recover it after combustion from the flue gases of large combus-
tors such as power plants. On a volume basis, carbon dioxide typically ac-
counts for between 3 percent (in the case of a natural gas combined-cycle 
plant) and 15 percent (for a coal combustion plant) of the flow of exhaust 
gases from such facilities. Though several options for post-combustion 
capture are available, the preferred approach exploits a reversible chemi-
cal reaction between an aqueous alkaline solvent (usually an amine) and 
carbon dioxide. 

Because this approach involves separating carbon dioxide at relatively 
low concentrations from a much larger volume of flue gases, and because 
the regeneration of amine solvent and other aspects of the process are 
energy intensive, post-combustion carbon capture carries significant cost 
and energy penalties. According to a IPCC (2005) literature review, the 
fuel requirements for a new steam electric coal plant with an amine scrub-
ber are anywhere from 24–40 percent higher than for the same plant vent-
ing carbon dioxide. Put another way, carbon capture reduces the efficiency 
of the power plant such that its electricity output per unit of fuel consumed 
is reduced by 20–30 percent.

Another approach, known as oxy-fuel combustion uses oxygen instead of 
air for combustion producing an exhaust stream that consists primarily of 
water and carbon dioxide. This option is still under development. A third 
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approach is to separate carbon prior to combustion by first converting the 
subject fuel to a synthesis gas composed primarily of carbon monoxide 
and hydrogen. The carbon monoxide in the synthesis gas is then reacted 
with steam to form more hydrogen and carbon dioxide. Typically, carbon 
dioxide is removed from the synthesis gas using a physical solvent that 
does not chemically bind the carbon dioxide as amines do. At that point, 
the favored approach for electricity production is to burn the remaining 
hydrogen-rich synthesis gas in a gas turbine/steam turbine combined-
cycle power plant. Alternatively, the process can be adjusted to leave a 
higher carbon-to-hydrogen ratio in the syngas and then convert it, using 
Fischer-Tropsch or other chemical processes, to synthetic liquid fuels.

Efforts to explore pre-combustion carbon capture have mostly focused 
on IGCC technology to generate power using coal, petcoke or other petro-
leum residues, or biomass. The gasification process offers potential bene-
fits—and some offsetting cost savings—with respect to conventional-
pollutant control. On the other hand, it remains for now more expensive 
and—until more experience is gained with full-scale demonstration 
plants—less familiar than conventional combustion systems in power 
plant applications. However, interest in advanced coal systems has intensi-
fied significantly in recent years; and the marketplace for IGCC technol-
ogy, at least in some parts of the world, now appears to be evolving rapidly. 

Coal IGCC accounts for less than 1 gigawatt-electricity out of the 4 giga-
watts- electricity of total IGCC capacity that has been built—most of the 
rest involves gasification of petroleum residues. While there has been only 
modest experience with coal IGCC without carbon capture, experience 
with gasification and capture-related technologies in the chemical process 
and petroleum-refining industries makes it possible to estimate capture 
costs for coal IGCC with about the same degree of confidence as for 
conventional steam-electric coal plants. Importantly, the decisive advan-
tage of coal IGCC in terms of carbon capture is for bituminous coals, 
which have been the focus of most studies. The situation is less clear for 
subbituminous coals and lignites, for which very few IGCC analyses have 
been published. More study is needed to clarify the relative ranking of 
carbon capture and sequestration technologies for lower-quality coals.

The IPCC (2005) literature review summarized available information on 
carbon capture and sequestration costs. It concluded that available meth-
ods could reduce carbon dioxide emissions by 80–90 percent and that, 
across all plant types, the addition of carbon capture increases electricity 
production costs by US$12–36 per megawatt-hour. The IPCC review 
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further concluded that the overall cost of energy production for fossil-fuel 
plants with carbon capture ranged from US$43–86 per megawatt-hour. 
The cost for avoiding carbon dioxide emissions (taking into account any 
extra energy requirements for the capture technology and including the 
compression but not the transport of captured carbon dioxide) ranged 
from US$13–74 per metric ton of carbon dioxide. 

According to the IPCC, most studies indicated that ‘IGCC plants are 
slightly more costly without capture and slightly less costly with capture 
than similarly sized [pulverized coal] plants, but the differences in cost for 
plants with [carbon dioxide] capture can vary with coal type and other local 
factors.’ Moreover, ‘in all cases, [carbon dioxide] capture costs are highly 
dependent upon technical, economic and financial factors related to the 
design and operation of the production process or power system of inter-
est, as well as the design and operation of the [carbon dioxide] capture 
technology employed. Thus, comparisons of alternative technologies, or 
the use of [carbon capture and storage] cost estimates, require a specific 
context to be meaningful.’ In other words, no clear winner has yet 
emerged among competing options for carbon capture—on the contrary, a 
healthy competition is currently underway between different technolo-
gies—and it is likely that different approaches will prove more cost-effec-
tive in different contexts and for different coal types. 

carbon sequestration 
Three types of geological formations are being considered for sequester-
ing carbon dioxide: depleted oil and gas fields; deep salt-water filled for-
mations (saline formations); and deep unminable coal formations (Figure 
3.3). These formations occur in sedimentary basins, where layers of sand, 
silt, clay, and evaporate have been compressed over geological time to 
form natural, impermeable seals capable of trapping buoyant fluids, such 
as oil and gas, underground. Most experience to date with the technolo-
gies needed for carbon sequestration has come from the use of carbon 
dioxide for enhanced oil recovery in depleted oil fields—an approach that 
is likely to continue to offer significant cost-advantages in the near term, 
given current high oil prices. As a long-term emissions-reduction strategy, 
however, carbon sequestration would need to expand beyond enhanced oil 
or natural gas recovery to make use of saline formations, which have the 
largest storage potential for keeping carbon dioxide out of the atmosphere.

Research organizations have undertaken local, regional, and global 
assessments of potential geologic sequestration capacity since the early 
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1990s (IPCC, 2005). In general, the most reliable information is available 
from oil and gas reservoirs; the least reliable information is available for 
coal seams. The reliability of capacity estimates for saline formations 
varies, depending on the quality of geological information available and 
the method used to calculate capacity. Table 3.2 summarizes the most 
current assessment of sequestration capacity. Saline formations have the 
largest potential capacity, but the upper estimates are highly uncertain, 
due both to a lack of accepted methodology for assessing capacity and a 
lack of data, especially for some parts of the world such as China, Latin 
America, and India). Overall, current estimates suggest that a minimum 
of about 2,000 gigatons of carbon dioxide sequestration capacity is avail-
able worldwide; roughly equivalent to 100 years of emissions at the current 
global emissions rate of roughly 24 gigatons per year.30 

�0 The amount of carbon dioxide storage capacity available underground should not be 
considered a fixed quantity. Rather, pore space for storage in sedimentary formations is like 
any other fuel or mineral reserve where the quantity available over time is likely to increase 
as science and technology improve and as the price people are willing to pay for the resource 
rises. 

Figure 3.3 Schematic illustration of a sedimentary basin with a number of geological 
sequestration options

Source: IPCC, 2005
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Table 3.2 World-wide CO2 geological sequestration capacity estimates

Reservoir type Lower estimate of storage 
capacity (GtCO

2
)

Upper estimate of storage 
capacity (GtCO

2
)

Oil and gas fields 675(a) 900(a)

Unminable coal seams
(enhance coal-bed methane)

3–15 200

Deep saline formations 1,000 Uncertain, but possibly 104

(a)These estimates would increase by 25 percent if undiscovered reserves were 
included.Note: GtCO2 refers to gigatons carbon dioxide.

Source: IPCC, 2005

There are several reasons to think that carbon dioxide sequestration can  
be essentially permanent. The existence of natural reservoirs of oil, gas, and 
carbon dioxide by itself is indicative. Further evidence comes from extensive 
experience with methods for injecting and storing fluids underground in 
other industrial contexts and from more recent experience with several  
early demonstration projects. Finally, the existence of several natural  
trapping mechanisms, which together tend to diminish the likelihood of  
leakage over time, and results from computer simulation models provide 
grounds for additional confidence in the ability to achieve very long-term  
storage in underground reservoirs. 

In its recent assessment, the IPCC concluded that the fraction of carbon 
dioxide retained in appropriately selected and managed geological reservoirs 
is ‘very likely to exceed 99% over 100 years, and is likely to exceed 99% over 
1,000 years’ (IPCC, 2005). Past experience also indicates that the risks associ-
ated with geologic sequestration are likely to be manageable using standard 
engineering controls, although regulatory oversight and new institutional 
capacities will likely be needed to enhance safety and to ensure robust strate-
gies for selecting and monitoring sites. Employed on a scale comparable to 
existing industrial analogues, the risks associated with carbon capture and 
sequestration are comparable to those of today’s oil and gas operations. 

Even after the carbon dioxide is injected, long-term monitoring will be 
important for assuring effective containment and maintaining public confi-
dence in sequestration facilities. While carbon dioxide is generally regarded 
as safe and non-toxic, it is hazardous to breathe at elevated concentrations and 
could pose risks if it were to accumulate in low-lying, confined, or poorly 
ventilated spaces. Past experience suggests that leakage or surface releases are 
most likely to occur at the injection site or at older, abandoned wells that were 
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not properly sealed; fortunately, several methods exist for locating such 
leaks and monitoring injection wells. Nevertheless, public acceptance of 
underground carbon sequestration in light of the potential for leakage and 
associated safety risks could emerge as a significant issue—especially in 
the early phases of deployment—and will need to be addressed.

Cost penalties for carbon capture and sequestration can be broken down 
into capture costs (which include drying and compressing the carbon diox-
ide), costs for transporting carbon dioxide to storage sites, and storage 
costs. The 2005 IPCC literature review arrived at an average, overall cost 
figure of US$20–95 per ton of carbon dioxide captured and sequestered 
based on the following estimates: capture costs ranging from US$15–75 
per ton; pipeline transport costs ranging from US$1–8 per ton (US$2–4 
per ton per 250 kilometers of onshore pipeline transport); geologic storage 
costs of US$0.5–8.0 per ton (excluding opportunities for enhanced oil 
recovery); and monitoring costs of US$0.1–0.3 per ton. 

planned and existing carbon capture and sequestration projects 
The first commercial amine scrubber plant to employ post-combustion 
carbon dioxide capture has been operating in Malaysia since 1999. This 
plant recovers approximately 200 tons of carbon dioxide per day for urea 
manufacture (equivalent to the emission rate for a 41 megawatts-ther-
mal coal combustor). An IGCC plant with carbon capture has not yet 
been built and, as noted previously, experience with coal IGCC systems 
for power generation (even without carbon capture and sequestration) 
remains limited. The first example of an IGCC unit with capture and se-
questration is likely to be a 500 megawatts-electricity unit that will gasify 
petroleum coke at the Carson refinery in southern California and use the 
captured carbon dioxide for enhanced oil recovery in nearby onshore oil 
fields. The project will be carried out by BP and Edison Mission Energy 
and is scheduled to come on line early in the next decade.

In terms of geological sequestration for the purpose of avoiding carbon 
emissions to the atmosphere, two industrial-scale projects are operating 
today: a ten year old project in the Norwegian North Sea and a more recent 
project in Algeria. A third project in Norway is expected to be operational 
in late 2007. (Industrial-scale geologic sequestration is also being imple-
mented at the Weyburn project in Canada, but in this case for purposes of 
enhanced oil recovery.) To date, all of these projects have operated safely 
with no indication of leakage. Plans for new sequestration projects are now 
being announced at a rate of several each year, with plans for further large-
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scale applications announced in Australia, Norway, the United Kingdom, 
and the United States (as part of the FutureGEN consortium). In addition, 
dozens of small-scale sequestration pilot projects are underway worldwide 
and more are expected. For example, the U.S. Department of Energy has 
sponsored seven Regional Sequestration Partnerships to conduct 25 
sequestration pilot tests in different geological formations; similar pilot 
tests are being carried out in Australia, Canada, Germany, Japan, the Neth-
erlands, and Poland.

Looking ahead, enhanced oil recovery may offer the most promising 
near-term opportunities for carbon capture and sequestration. Carbon 
dioxide, mostly from natural sources, is already being used to support 
about 200,000 barrels per day of incremental oil production in the United 
States. This has already produced valuable experience with many aspects 
of the technology needed for successful transport and sequestration—
including experience with carbon dioxide pipelines. As a result, costs for 
the technologies required to capture carbon dioxide at large power plants 
or other energy facilities are already low enough to be competitive where 
there are enhanced oil recovery opportunities nearby (Williams and others, 
2006a; and 2006b). The economic potential for carbon dioxide-enhanced 
oil recovery is substantial (e.g., enough to support 4 million barrels per day 
of crude oil production for 30 years in the United States alone). Although 
coupling gasification energy and enhanced oil recovery projects will not 
always be feasible, this niche opportunity could nevertheless be significant 
enough to gain extensive early experience and ‘buy down’ technology costs 
for both gasification energy and carbon capture and storage technologies, 
even before a climate change mitigation policy is put into place.

Unconventional resources, including methane hydrates
The world’s petroleum and natural gas resource base is considerably larger 
if unconventional sources of these fuels are included (noted in Table 3.1). 
In the case of petroleum, unconventional resources include heavy oil, tar 
sands, and oil shale. It has been estimated that if these resources could at 
some point be economically recovered in an environmentally acceptable 
fashion, the hemispheric balance of global petroleum resources would 
shift substantially. Interest in exploiting unconventional resources has 
grown of late as a direct result of high oil and natural gas prices and in 
response to energy security concerns that have heightened interest in 
options for diversifying global oil supplies and widening the gap between 
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available production capacity and demand. At present, Canada is produc-
ing about 1 million barrels per day of unconventional oil from tar sands, 
and Venezuela has started to tap its substantial heavy oil reserves. 

Current technologies for extracting unconventional oil may not, 
however, be sustainable from an environmental standpoint. Depending on 
the type of resource being accessed and the technologies used, current 
extraction methods are highly energy-intensive and thus generate signifi-
cantly higher greenhouse gas emissions compared to conventional oil 
production. In many cases they also produce substantial air, water, and 
ground surface pollution. Unless technologies can be developed that 
address these impacts and unless the environmental costs of extraction 
(potentially including carbon capture and sequestration) are included, 
efforts to develop unconventional oil supplies are unlikely to be environ-
mentally sustainable.

 Other fossil-fuel related technologies that could impact the longer-term 
supply outlook for conventional fuels, with potentially important implica-
tions for energy-security and sustainability objectives, include technologies 
for enhanced oil recovery, for collecting coal bed methane, for accessing 
‘tight gas’ (natural gas that is trapped in highly impermeable, hard rock or 
non-porous sandstone or limestone), and for the underground gasification 
of coal. 

The situation for methane hydrates is more complex and remains, for 
now, more speculative given that the technologies needed to tap this 
resource have not yet been demonstrated. Hydrates occur under certain 
high-pressure and low-temperature conditions when molecules of gas 
become trapped in a lattice of water molecules to form a solid, ice-like struc-
ture. Huge deposits of methane hydrate are thought to exist in the Arctic 
region, both on- and off-shore, and in other locations below the ocean floor 
(typically at depths ranging from 300–1,000 meters). These hydrates hold 
some promise as a future source of energy, both because the size of the 
potential resource base is enormous and because natural gas (methane) is a 
relatively clean-burning fuel with lower carbon density than oil or coal. 
Ironically, however, there is also concern that the same deposits could play a 
negative role in accelerating climate change if warming temperatures cause 
the hydrates to break down, producing large, uncontrolled releases of meth-
ane—a potent warming gas—directly to the atmosphere. 

Technologies for exploiting methane hydrates are in the very early stages 
of development. As in conventional oil production, likely methods could 
involve depressurization, thermal stimulation, or possibly solvent injec-
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tion. The fact that hydrates are stable only within a narrow band of temper-
ature and pressure conditions complicates the technology challenge and 
creates some potential for significant unintended consequences (e.g., 
destabilizing sea beds or generating large accidental releases of methane 
to the atmosphere). At present, both the opportunities and the risks are 
poorly understood, and technologies for economically accessing the meth-
ane trapped in naturally occurring hydrates have yet to be demonstrated. 
Japan currently leads global efforts to remedy this gap and has created a 
research consortium with the aim of developing technologies feasible for 
commercial-scale extraction by 2016. 

In summary: Fossil fuels 
Dependence on fossil fuels for a dominant share of the world’s energy 
needs is at the core of the sustainability challenge humanity confronts in 
this century. The combustion of natural gas, oil, and coal generates carbon 
dioxide emissions along with other damaging forms of air pollution. The 
world’s steadily expanding stock of coal-fired power plants is expected to 
create significant climate liabilities for decades to come. At the same time, 
the prospect of an intensifying and potentially destabilizing global compe-
tition for relatively cheap and accessible oil and natural gas supplies is 
again stoking urgent energy security concerns in many parts of the world. 
For many poor countries, meanwhile, outlays for oil and other imported 
fuel commodities consume a large share of foreign exchange earnings that 
could otherwise be used to invest in economic growth and social develop-
ment. 

In this context, the fundamental problem with fossil fuels is not primar-
ily that they are in short supply. Coal in particular is relatively inexpensive 
and abundant worldwide and it is already being looked to as an alternative 
source of liquid and gaseous fuel substitutes in the context of tightening 
markets and rising prices for oil and natural gas. Unfortunately, expanded 
reliance on coal using today’s technologies would add substantially to 
rising levels of greenhouse gases in the atmosphere, creating a major 
source of environmental as well as (given the potential consequences of 
global warming) social and economic risk. 

Managing these risks demands an urgent focus on developing economi-
cal, low-carbon alternatives to today’s conventional fuels, along with new 
technologies for using fossil fuels that substantially reduce their negative 
impacts on environmental quality and public health. The availability of 
cost-effective methods for capturing and storing carbon dioxide emissions, 



IAC Report |Energy supply  ��

in particular, would significantly improve prospects for achieving sustain-
ability objectives in this century and should be the focus of sustained 
research, development, and deployment efforts in the years ahead. Current 
trends in fossil-fuel consumption are unlikely to change, however, without 
a decisive shift in market and regulatory conditions. Government policies 
must be re-aligned: subsidies for well-established conventional fuels 
should be phased out and firm price signals for avoided greenhouse gas 
emissions—of sufficient magnitude to offset cost differentials for lower-
carbon technologies—must be introduced. 

3.2 Nuclear power
Nuclear power supplies approximately 16 percent of today’s global electric-
ity demand and, along with hydropower, accounts for the largest share of 
power generation from non-carbon energy sources. More than two dozen 
reactors are now under construction or will be refurbished over the next 
few years in Canada, China, several European Union countries, India, 
Iran, Pakistan, Russia, and South Africa. The world’s existing base of 
nuclear capacity includes some 443 reactor units with a combined capacity 
of about 365 gigawatts (Figure 3.4). The great majority of these units 
(nearly 80 percent) are more than 15 years old.

While total nuclear electricity output is likely to grow modestly within 
this decade, reflecting the addition of new capacity now planned or under 
construction, the overall nuclear contribution is expected to plateau there-
after and even decline slightly over the next two decades as more plants 
retire than are added worldwide and as growth in nuclear plant output falls 
behind growth in overall electricity demand. As a result, the most recent 
IEA reference case forecast (Figure 3.5) indicates that nuclear power’s 
share of global electricity production will fall to just 12 percent by 2030. 
The IEA estimate of total nuclear output for 2030 is just under 3,000 
terawatt-hours, only slightly more than the 2,500 terawatt-hours produced 
by the industry in 2002. These projections are roughly consistent with 
projections released by the International Atomic Energy Agency (IAEA) in 
2004 that show the nuclear contribution falling to 13–14 percent of global 
electricity production in 2030 under high- and low-growth assumptions.31 

�� The IAEA’s high-growth projections indicate 59� gigawatts of nuclear capacity in �0�0 
compared to 4�7 gigawatts in the IAEA’s low-growth projection. As a share of overall elec-
tricity production, however, the nuclear contribution is actually slightly smaller in the high-
growth case (�� percent) than in the low-growth case (�4 percent). This is because overall 
electricity demand grows even faster than nuclear capacity in the high-growth case (IAEA, 
�004).
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Current expectations of flat or declining nuclear output reflect an assump-
tion that high upfront capital cost32 and other obstacles will continue to 
disadvantage nuclear power relative to other options for new electric-
generating capacity, particularly compared to conventional, pulverized-coal 
power plants. 

Current interest in reversing this trend and in supporting an expanded 
role for nuclear power is driven largely by climate change considerations 
and by concern that the other non-carbon options alone—including energy 
efficiency, renewable energy, and advanced fossil technologies with carbon 
sequestration—will not be adequate to reconcile burgeoning global energy 
demands (especially growing demand for electricity) with the need for 
greenhouse gas mitigation. On the one hand, nuclear technology offers 
important advantages: it can provide a reliable, large-scale source of basel-
oad electric-generating capacity;33 it does not produce emissions of green-
house gases or conventional air pollutants; and supplies of nuclear fuel, in 
the form of uranium ore, are relatively abundant worldwide.34 In addition, 

�� Operating costs for nuclear plants are generally low relative to fossil-fuel power plants. 
�� Conversely, a disadvantage of nuclear power plants in some contexts is that they must 
operate in a baseload capacity. One possibility for using nuclear power generation during off-
peak hours would be to make use of another energy carrier, such as hydrogen. The produc-
tion of hydrogen through electrolysis could provide one means of storing carbon-free nuclear 
energy at times of low demand.
�4 The sustainability of uranium as long-term energy source has been much debated, with 

Figure 3.� Existing and planned/proposed nuclear reactors in the world

Source: International Nuclear Safety Center, Argonne National Laboratory
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the potential exists to use nuclear power for high-temperature hydrogen 
production, which would enable the technology to serve a wider array of 
energy needs besides electricity production. Plans for ‘hybrid’ reactors that 
would co-produce hydrogen and electricity have been proposed.

Other factors that are likely to continue motivating some governments to 
support nuclear power include energy-security concerns, especially in light 

some arguing that limited supplies of low-cost ore will constrain nuclear power production 
within this century absent progress toward developing acceptable closed fuel-cycle systems. 
Current market conditions suggest, however, that adequacy of available uranium supplies 
is unlikely to be an issue for some time. For example, a MIT (�00�) study concluded that the 
worldwide supply of uranium ore was sufficient to fuel the deployment of �,000 new reac-
tors in the next 50 years and to supply this new fleet of plants over a 40-year operating life. 
In addition, uranium prices around the world have been relatively low and stable and the 
geographic distribution of uranium deposits is such that the fuel itself is likely to be less 
susceptible to cartels, embargoes, or political instability. Should supply constraints eventu-
ally cause uranium prices to rise, this would prompt further exploration that would likely 
yield a substantial increase in estimated reserves; longer term, options might also emerge for 
extracting uranium, which is a relatively common element, from unconventional sources like 
sea water. 

Figure 3.5 Projected world incremental electricity generation by fuel type 

Note: � terawatt-hour (TWh) equals 3.� petajoules.

Source: IEA, 200�
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of recent volatility in world oil markets and the perception that develop-
ment of an indigenous nuclear capability offers a route to technological 
advancement while conferring a certain ‘elite’ status among the world’s 
industrialized powers. Finally, efforts to build a domestic nuclear industry 
can provide useful ambiguity for governments that wish to leave open the 
possibility of developing nuclear weapons. Associated equipment (like hot 
laboratories), operator training, and experience with health and safety 
issues are some obvious examples of the potential carry-over from nuclear 
power technology to nuclear weapons capability that is latent in any civil-
ian nuclear power program.

But nuclear power also suffers from several difficult and well-known 
problems that are likely to continue to constrain future investments in this 
technology. Chief hurdles for primary investors include high upfront capi-
tal cost, siting and licensing difficulties, public opposition, and uncertain-
ties regarding future liabilities for waste disposal and plant decommission-
ing. In addition to—and inextricably intertwined with—these issues, many 
experts agree that concerns about reactor safety, waste disposal, and 
nuclear weapons proliferation must be resolved if nuclear technology is to 
play a prominent role in the transition to a sustainable global energy mix. 
A further obstacle in many parts of the world relates to the need for signifi-
cant amounts of capital and considerable institutional capacity and techni-
cal expertise to successfully build and safely operate nuclear power plants. 

Some of these issues could be resolved by the successful development of 
nuclear fusion (as opposed to fission) technology, but this is a long-term 
prospect. Even if nuclear fusion ultimately proves feasible, the technology 
is unlikely to be available until mid-century or later.

In sum, nuclear power plants are much more complicated than fossil-
fuel power plants, and the consequences of accidents are far greater. In 
fact, potential dependency on other countries for technological expertise or 
nuclear fuel may discourage some governments from developing nuclear 
capacity, even as a desire for technology status or energy security may 
motivate others in the opposite direction. Brazil’s decision in the 1970s not 
to pursue a relationship with Germany that would have led to a major 
expansion of Brazil’s nuclear power capability was driven by these types of 
considerations. 

Current, near-term plans to expand nuclear-generating capacity are 
largely centered in Asia with India, China, and Japan leading the way in 
terms of numbers of new plants proposed or under construction at pres-
ent. Increasingly, these countries and others are interested in developing 
and building their own reactor designs. Figure 3.6 shows the regional 
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breakdown of new nuclear capacity in the 2004 IAEA high-growth projec-
tions for 2030. According to this figure, the largest increase in nuclear 
capacity (in terms of net gigawatts added) will occur in the Far East, while 
the strongest growth in percentage terms will occur in the Middle East and 
South Asia. Net capacity also increases, albeit less dramatically, in Eastern 
and Western Europe, but stays essentially flat in North America.

Most of the new plants expected to come on line in the next few years 
incorporate substantial modifications and improvements on existing reac-
tor designs, including safety features that simplify cooling requirements in 
the event of an accident. These designs are therefore expected (though not 
yet demonstrated) to provide more reliable safety performance at lower 
overall cost.35 Efforts are already underway to develop a third generation of 

�5 Most of the plants that are now under construction or have recently come on line use GEN 
III+ reactor designs. They are deemed passively safe because they typically rely on gravity, 
natural circulation, and compressed air to provide cooling of the reactor core and contain-
ment structure in the event of a severe accident. Compared to the actively safe systems used 
in existing reactors, these designs require fewer valves, pumps, pipes, and other components. 
Note that the gas-cooled pebble-bed modular reactor is classified as a GEN III+ design but is 
safe even in the absence of any coolant.

Figure 3.� Regional distribution of global nuclear capacity in the IAEA’s high projection

Source: IAEA, 200�; McDonald, 200�.
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nuclear reactor designs that would be ‘passively safe,’ whereby the chance 
of a core meltdown would be (nearly) impossible, even in the event of a 
total loss of operation of the reactor control systems (Box 3.1). The fourth-
generation reactors could, in addition to incorporating passive safety 
features, achieve further improvements in cost and performance while 
also reducing waste disposal requirements by minimizing fuel throughput 
and/or recycling spent fuel.

In 2002, ten nations and the European Union formed the Generation IV 
International Forum (GIF) to promote international collaboration in devel-
oping a fourth generation of nuclear plants.36 After more than two years of 
study, each participating nation agreed to take the lead in exploring at least 
one of several different reactor types for potential deployment by 2030. 
The reactor types identified by the GIF as most promising include the very 
high temperature gas reactor, the super-critical water reactor, the lead-
cooled fast reactor, the sodium-cooled fast reactor, the gas-cooled fast reac-
tor, and the molten salt reactor. In addition, other potential reactor designs 
have been studied or developed in recent years, including designs for 
smaller, modular and even transportable types of reactors, as well as 
designs that are geared toward the production of hydrogen. 

 At this point, none of the proposed fourth-generation reactor designs 
have been built, though a number of countries are pursuing active 
research and development efforts and have adopted policies aimed at facil-
itating the construction of new plants. Even while many of the new designs 
offer important advantages over older generations of reactors—at least on 
paper—the industry’s longer-term outlook remains uncertain. The 
remainder of this section provides further detail about the specific chal-
lenges that now confront nuclear power and reviews current prospects for 
addressing these challenges with further improvements in reactor design 
and nuclear technology. 

Challenges facing nuclear power
Nuclear fusion remains a distant alternative to fission technologies at 
present. In nuclear fusion, energy is produced by the fusion of deuterium 
and tritium, two isotopes of hydrogen, to form helium and a neutron. 

�6 The United States led the formation of the GIF, which also includes the European Union, 
Argentina, Brazil, Canada, France, Japan, South Korea, South Africa, Switzerland, and the 
United Kingdom. Russia was not included due to differences over assistance to Iran  
s nuclear program. However Russia has initiated a separate program to address the develop-
ment of advanced reactors: the IAEA International Project on Innovative Nuclear Reactors 
and Fuel Cycles.
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Effectively unlimited quantities of the primary fuels, deuterium and lith-
ium (from which tritium is produced), are easily available. Due to low fuel 
inventory, a runaway reaction or meltdown of a fusion system is not possi-
ble. Radioactive waste from fusion decays in 100 years to activity levels 
similar to that from coal. The proliferation risk from fusion is minimal 
since any fertile materials would be easily detectable.

Box 3.1 Four generations of nuclear reactors 

The first nuclear power plants to be de-
veloped, many small, are now called 
Generation I (GEN I) reactors. Perhaps 
the only GEN I reactors still in operation 
are six small (under 250 megawatts-
electricity) gas-cooled plants in the Unit-
ed Kingdom. All others have been shut 
down.
Most reactors operating today are Gen-
eration II reactors. Designed in the late 
�9�0s and �9�0s, they are of two main 
types, either pressurized water reactor 
(PWR) or boiling water reactor (BWR). 
GEN II reactors have achieved very high 
operational reliability, mainly through 
continuous improvement of their oper-
ations. 
Generation III reactors were designed in 
the �990s, and geared to lower costs 
and standardized designs. They have 
been built in the last few years in France 
and Japan. More recent designs are la-
beled GEN III+ reactors and are likely to 
be constructed in the coming years. Typ-
ical examples are the advanced boiling 
water reactor (ABWR) in Japan, the new 
PWR in Korea,the evolutionary power 
reactor (EPR) in France, and the eco-
nomic simplified boiling water reactor 
(ESBWR) and the AP-�000 (advanced 
passive) in the United States . 
The GEN III+ light water reactor (LWR) 
are based on proven technology but 
with significant improvements and, in 
the case of the AP-�000 and ESBWR, 
with passive emergency cooling sys-
tems to replace the conventional power-
driven systems. The 200� World Energy 
Assessment specifically mentions the 
pebble-bed modular reactor (PBMR) as 
a design concept that is being revisited 
because of the potential for a high de-
gree of inherent safety and the opportu-
nity to operate on a proliferation-resis-

tant denatured uranium/thorium fuel 
cycle. The PBMR is also considered a 
GEN III+ reactor. GEN III+ systems 
probably will be the type used in the next 
expansion of nuclear power (UNDP, 
UNDESA, and WEC, 200�).
None of the Generation IV ‘advanced 
reactors’ have been built and none are 
close to being under construction. GEN 
IV is widely recognized as an R&D pro-
gram for reactors with advanced fea-
tures well beyond the GEN III+ LWR. 
GEN IV reactors are being prepared for 
the future, starting in 2035 to 20�0. 
Whereas previous reactor types pro-
gressed in an evolutionary manner, 
GEN IV reactor designs attempt to sig-
nificantly shift the nature of nuclear en-
ergy, either by incorporating high-tem-
perature, high-efficiency concepts, or by 
proposing solutions that significantly 
increase the sustainability of nuclear en-
ergy (reduced wastes; increased usage 
of natural resources). 
Six reactor types are being studied by a 
group of ten countries: the very high 
temperature reactor, which uses gas 
cooling, can reach very high thermody-
namic efficiency and might be able to 
support production of hydrogen; the su-
percritical water reactor, which also al-
lows for higher efficiency and reduces 
the production of waste; three fast neu-
tron reactors, cooled either by gas (gas 
fast reactor), lead (lead fast reactor), or 
sodium (sodium fast reactor), which 
make use of closed fuel cycles; and the 
molten salt reactor. The very high tem-
perature and gas fast reactors can both 
use pebble-type fuel.
Future nuclear systems, such as those 
that are studied in the GEN IV program 
and the Advanced Fuel Cycle initiative 
are all aimed at making nuclear energy 

more sustainable, either by increasing 
system efficiency or by using closed fuel 
cycles where nuclear waste is either par-
tially or totally recycled. Another objec-
tive for these systems is to reduce both 
capital and operational costs. Signifi-
cant scientific and technical challenges 
must be resolved before these systems 
are ready for deployment: 
– high temperature high fluence materi-

als (i.e., materials not crippled by ul-
tra-high neutron fluxes);

– fuels that can contain high quantities 
of minor Actinides need to be demon-
strated;

– novel technologies for transporting 
heat and generating electricity with 
smaller footprints than the current 
steam cycles;

– separation technologies that offer 
high proliferation resistance and pro-
duce minimal wastes;

– more compact designs that reduce 
capital costs.

To achieve these ambitious objectives, a 
three-pronged research strategy is be-
ing implemented in the United States:

(�)The role of the basic sciences is being 
enhanced. Current empirical research 
tools need to be phased out and re-
placed by modern techniques.
(2) The role of simulation and modeling 
will become central, when current gen-
eration software—largely developed in 
the �980s— is replaced by high perfor-
mance tools. One can expect that cer-
tain key difficulties, for example the de-
velopment of advanced fuels, can be 
solved more efficiently once these tools 
are in place
(3) The design process itself will be sim-
plified and streamlined.
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Invesitgations of possible commercial development of fusion energy 
include inertial fusion and various forms of magetic confinement of high-
temperature plasma. Current research is focused on magnetic confine-
ment in toroidal (doughnut-shaped) geometries and on laser-induced iner-
tial confinement. Laboratory experiments in tokomaks—machines that 
produce a toroidal magnetic field for confining a plasma—have produced 
10 megawatts of heat from fusion for about one second. The ITER project 
(ITER means ‘the way’ in Latin), a collaboration of China, Europe, India, 
Japan, Russia, South Korea and the United States, is planned to produce 
500 megawatts of fusion heat for over 400 seconds. In parallel with ITER, 
research is planned to target higher power and continuous operation and 
to develop advanced materials and components that can withstand high 
neutron fluxes. Some ITER partners anticipate demonstration fusion 
power plants about 2035 and commercialization starting about 2050. 
 
cost
While operating costs for many existing nuclear power plants are quite 
low, the current upfront capital cost of constructing a new plant is higher 
than the cost of conventional new fossil fuel-fired electricity-generating 
technologies.37 Cost reductions could help to improve nuclear energy’s 
competitiveness in terms of real, levelized cost in cents-per-kilowatt-hour, 
relative to other options (Table 3.3).38 Projections of future cost for nuclear 
power are, of course, highly uncertain, especially in the case of advanced 
reactor designs that have yet to be built or operated anywhere in the world. 
In some countries, moreover, cost uncertainty is likely to be compounded 
by the potential for delays and difficulties in siting, permitting, and 
construction. For all of these reasons, private financial markets in many 
parts of the world will tend to assign a substantial risk premium to new 
nuclear investments for some time to come.

�7 In net present value terms, as much as 60-75 percent of the life-cycle cost of nuclear power 
may be front-loaded that is, upfront capital costs are much higher than long-term operating 
costs. Capital constraints may therefore present a significant hurdle for nuclear plant invest-
ments, especially given the relatively risk-averse nature of private financial markets and much 
of the electric power industry. 
�8 As would also be the case with many other energy technologies, it is highly misleading to 
simply average the performance of old and new nuclear technologies. The proper way to eval-
uate technology options in terms of their potential contribution to sustainable energy solu-
tions going forward is to use characteristics typical of best-in-class performance, which might 
be the upper �0-�5 percent of performance levels. In recent years, modern nuclear power 
plants have achieved capacity factors in excess of 90 percent, a significant improvement over 
the 75-85 percent capacity factors that were at one time more typical of the industry. This 
improvement in plant performance has a significant impact on the economics of nuclear 
power.
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Obviously, a number of developments could change the relative cost 
picture for nuclear power. Further technology improvements, greater 
public acceptance and regulatory certainty, and progress in addressing the 
waste disposal issue would produce lower cost estimates and, perhaps 
more importantly, alter current perceptions of investment risk.39 Success-
ful development of simplified, standardized reactor designs that would 
expedite licensing and construction, in particular, could greatly improve 
the industry’s prospects. Nuclear power would also be more competitive in 
the presence of a binding carbon constraint and/or if fossil fuel prices rise. 
Whether a carbon constraint would by itself produce a significant shift 
toward nuclear power would, of course, depend on the magnitude of the 
price signals and on the cost of other non- or low-carbon alternatives, 
including renewable energy sources, coal with carbon capture and seques-
tration, and highly efficient natural gas technologies. Without the presence 
of a carbon cap or tax on carbon and/or active government intervention in 
the form of risk-sharing and/or financial subsidies, most experts conclude 
that the private sector is unlikely to make substantial near-term invest-
ments in nuclear technology and other non-or low-carbon alternatives —
especially in the context of increasingly competitive and deregulated 
energy markets.

�9 There is considerable difference of opinion even among informed observers as to which of 
these concerns about nuclear power (waste management, proliferation, risk of accidents, etc.) 
is most significant. 

Table 3.3 Comparative power costs

Case 
Real levelized cost 
(US$ cents/kW

e
h)

Nuclear (light water reactor)
• Reduce construction cost by 25%
• Reduce construction time from 5 to 4 years
• Further reduce operations and management 13 million per kW

e
h 

• Reduce cost of capital to gas/coal

Pulverized coal
CCGT (low gas prices, $3.77 per MCF)
CCGT (moderate gas prices, $4.42 per MCF)
CCGT (high gas prices, $6.72 per MCF)

6.7
5.5
5.3
5.1
4.2

4.2
3.8
4.1
5.6

Note: Gas costs reflect real, levelized acquisition costs per thousand cubic feet (MCF) 
over the economic life of the project. CCGT refers to combined cycle gas turbine; kW

e
h 

refers to kilowatt-electricity hour. Figures use 2002 US$.

Source: MIT, 2005. 
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An IEA analysis of nuclear economics shows that various OECD govern-
ments already subsidize the nuclear industry by providing fuel-supply 
services, waste disposal, fuel reprocessing, and R&D funding. Many 
governments also limit the liability of plant owners in the event of an acci-
dent and help with remediation. A recent case in point is the U.S. Energy 
Policy Act of 2005, which contains substantial subsidies and tax incentives 
for a new generation of nuclear power plants. Whether these incentives 
will prove sufficient to spur a new round of nuclear power plant construc-
tion in the United States is not yet known; in the meantime, immediate 
prospects for further expansion of nuclear energy capacity are likely to 
remain concentrated in the rapidly growing economies of Asia, notably in 
China and India.

plant safety and waste disposal
Accidents at Three Mile Island in 1979 and Chernobyl in 1986, as well as 
accidents at fuel-cycle facilities in Japan, Russia, and the United States 
have had a long-lasting effect on public perceptions of nuclear power and 
illustrate some of the safety, environmental, and health risks inherent in 
the use of this technology. While a completely risk-free nuclear plant 
design, like virtually all human endeavors, is highly unlikely, the role of 
nuclear energy has to be assessed in a more complete risk-benefit analysis 
that weighs all factors, including the environmental impacts of different 
energy options, their energy security risks and benefits, and the likelihood 
of future technology improvements. 

A related challenge is training the skilled personnel needed to construct 
and safely operate nuclear facilities, including not only existing light water 
reactors but also safer GEN III reactors. The challenge of developing 
adequate skills and expertise is more significant in the case of GEN IV 
reactors, which are (a) very different from GEN III reactors,40 (b) present 
more difficult safety and proliferation issues, and (c) require considerable 
expertise to design, construct, and operate. 

In recent years, of course, the threat of terrorism has added a new and 
potentially more difficult dimension to long-standing concerns about the 

40 GEN IV plants are fast neutron reactors that operate with an approximately �Mev neutron 
energy spectrum. As such, they are very different from GEN III reactors, which use thermal 
neutrons. In GEN IV reactors, the energy density is higher and cooling is much more criti-
cal. The GEN III and IIIa plants can be constructed to be very safe. In current projections of 
the ratio of GEN III and GEN IV plants, the ratio needed to reach steady-state burn down of 
long lived nuclear waste is approximately four to one. While GEN III reactors can be deployed 
more widely, GEN IV plants present more significant safety and proliferation issues.
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safe and secure operation of nuclear facilities and the transport of nuclear 
materials. While the safety record of the light-water reactors that dominate 
the world’s existing nuclear power base has generally been very good, 
Chernobyl remains ‘a powerful symbol of how serious and long-lived the 
consequences of a nuclear accident can be,’ however low the probability of 
such accidents might be (Porritt, 2006). In response to potential terrorist 
threats, many countries have implemented additional security measures at 
existing nuclear power plants; going forward, innovative reactor designs—
possibly including facilities that can be built underground or have other-
wise been reinforced and equipped with passive safety features to with-
stand outside attacks and internal sabotage—may help to alleviate public 
concerns about the particular vulnerabilities associated with nuclear facili-
ties. One of the selling points of a new generation of pebble-bed reactors is 
that they can be built underground.

Disposing of high-level radioactive spent fuel for the millennia-scale 
period of time that nuclear waste could present a risk to public safety and 
human health is another problem that has long plagued the industry and 
that has yet to be fully resolved in any country with an active commercial 
nuclear energy program. While long-term disposal in stable geologic 
repositories is technically feasible, no country has yet completed and 
begun operating such a repository. (At present, Finland is closest to imple-
menting this solution). Without a consensus on long-term waste storage, 
various interim strategies have emerged. These include storing spent fuel 
temporarily at power plant sites, for example using the dry cask method; 
or, in some countries, reprocessing or recycling the spent fuel to remove 
the fission products and separate the uranium and plutonium for re-use in 
reactor fuel. Reprocessing reduces the quantity of waste by more than an 
order of magnitude and has the potential of reducing the storage time by 
several orders of magnitude; but even after reprocessing, hundreds of 
years of safe storage are required. Reprocessing also raises significant 
proliferation concerns since it generates quantities of plutonium—the 
essential ingredient in nuclear weapons—that must be safeguarded to 
prevent theft or diversion for weapons-related purposes. 

In fact, proliferation risks are a substantial concern for all current ‘closed 
fuel-cycle’ reactor designs, especially for the so-called ‘breeder’ reactor, 
which requires reprocessing of spent fuel to separate and recycle weapons-
usable plutonium. An interdisciplinary study of nuclear power by MIT 
(2003), which analyzed the waste management implications of both once-
through and closed fuel cycles, concluded that no ‘convincing case can be 
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made on the basis of waste management considerations alone that the 
benefits of partitioning and transmutation will outweigh the attendant 
safety, environmental, and security risks and economic costs.’ Other 
experts disagree and are more optimistic that the security, safety, and envi-
ronmental concerns associated with closed fuel cycles are technically 
resolvable. They point out that fast neutron reactors would extend 
uranium supplies by 100-fold and allow for the use of thorium, while 
reducing the quantity of waste to be handled. Based on these advantages, 
they argue that concerted research efforts should be undertaken to see 
whether such reactors can be part of this century’s energy solutions. 

Given that uranium is relatively abundant and inexpensive at present 
and given that the waste reduction benefits of spent fuel reprocessing do 
not appear to outweigh the downsides in terms of proliferation risks, once-
through fuel cycles are likely to remain the safer option for at least the next 
few decades although research that may lead to technical solutions could 
change that. The latest reactor designs tend to require less fuel per kilo-
watt-hour generated; a higher ‘burn-up rate’ in turn reduces the quantity of 
waste left to be managed at the end of the fuel cycle. This is true of newer 
pebble-bed designs, though it is also the case that the fuel pellets used in 
these designs require much higher uranium enrichment. 

Meanwhile, seemingly irreducible political stresses continue to inhibit 
solutions to the problem of nuclear waste disposal all over the world. Half 
a century ago, the nuclear industry imposed on itself a standard of waste 
management that some experts believe has turned out to be unrealizable. 
The industry agreed that it would manage nuclear wastes in such a way 
that there would be no discernible impact on later generations for a period 
that was often in the range of 10,000 years. With the understanding of 
geology gained since, this task might have become easier. In fact it has 
become harder. There seems to be little prospect that the original objective 
can be met within this generation, though perhaps it can be met one or 
two generations from now.

With this realization, a consensus is beginning to emerge among experts 
that the objective of waste storage should shift from irretrievable storage to 
retrievable storage. In other words, wastes would be stored with the expec-
tation that they will require further handling in a few decades. In the 
United States and elsewhere attention has recently focused on ‘dry-cask’ 
storage technology that could keep nuclear wastes thermally secure for 
time periods on the order of a half-century. A shift in nuclear waste-
management objectives, while increasingly under discussion in expert 
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circles, has not however been widely proposed to the general public and 
would require changes in the legal framework governing waste manage-
ment in the United States. The latter could present a major near-term 
hurdle in the United States and elsewhere.

 Other countries, meanwhile, have continued to focus on spent-fuel 
reprocessing and long-term geological storage as primary strategies for 
waste management. In 2006, France, for example, adopted legislation that 
(a) formally declares deep geological disposal as the ‘reference solution’ for 
high-level and long-lived radioactive wastes, (b) sets 2015 as the target date 
for licensing a repository, and (c) sets 2025 as the target date for opening a 
long-term repository.41 Meanwhile, some experts have suggested that if 
countries could reach consensus on establishing international facilities to 
provide spent-fuel reprocessing and uranium enrichment services in a 
highly secure and transparent environment, this option could be very help-
ful in addressing both proliferation and waste management concerns. 
Until this or other long-term solutions can be found, however, the waste 
issue is likely to continue to present a significant and perhaps intractable 
obstacle to the significant expansion of commercial nuclear power capacity 
worldwide. 

Nuclear proliferation and public acceptance
The development and use of nuclear technology for commercial energy 
production has long generated concern that associated materials or exper-
tise could be diverted to non-peaceful purposes. To date, no operating civil-
ian nuclear program has been directly linked to the development of nuclear 
weapons, but the risk exists that commercial nuclear energy programs 
could be used to as ‘cover’ for illicit weapons-related activity or as a source 
(voluntarily or involuntarily) for the highly enriched uranium or plutonium 
needed to construct nuclear weapons. Both in India and North Korea, reac-
tors nominally intended for civilian research were used to produce pluto-
nium for weapons. Proliferation concerns apply most strongly to the 
uranium enrichment and spent-fuel reprocessing elements of a civilian 
nuclear energy program. As the American Physical Society has pointed 
out, ‘nuclear reactors themselves are not the primary proliferation risk; the 
principal concern is that countries with the intent to proliferate can 

4� According to the World Nuclear Association (WNA, �007), French law also affirms the princi-
ple of reprocessing used fuel and using recycled plutonium in mixed oxide (MOX) fuel 89 in 
order to reduce the quantity and toxicity  of final wastes, and calls for construction of a 
prototype fourth-generation reactor by �0�0 to test transmutation of long-lived actinides. 



90  IAC Report | Energy supply

covertly use the associated enrichment or reprocessing plants to produce 
the essential material for a nuclear explosive’ (APS, 2005: i).

The existing international regime for managing proliferation risks is 
widely viewed as inadequate and would be further stretched by a signifi-
cant expansion of nuclear power to many more countries with widely vary-
ing security circumstances. Here again, it matters which technology is 
being deployed: the risks presented by GEN III reactors are very different 
and likely to be more manageable from those that would be presented by 
the international deployment of fast neutron systems. Given the devastat-
ing impact even a single nuclear weapon linked to a civilian nuclear energy 
program could have, current international safeguards will clearly need to 
be strengthened. Efforts to develop proliferation-resistant technologies, 
especially for fuel enrichment and reprocessing, also merit high priority. 
Increased international collaboration is needed to explore options for 
addressing enrichment and reprocessing needs in ways that minimize 
public safety and proliferation risks. In particular, it has been suggested 
that stronger multi-lateral arrangements—including facilities that would 
enrich and reprocess fuel for use by multiple countries under multina-
tional supervision, perhaps in combination with international supply guar-
antees—could help to address proliferation concerns. 

In some countries, public acceptance is likely to continue to present a 
significant challenge for nuclear power, though locating future capacity 
additions at existing plants may help to alleviate siting difficulties to a 
significant degree. Public perceptions are likely to change over time, of 
course, and may become significantly more accepting of nuclear energy as 
concern over climate change grows and as countries and communities 
become familiar with nuclear energy systems. However, even if the climate 
of opinion around nuclear energy already shows signs of shifting, it 
remains the case that the public is likely to be extremely unforgiving of any 
accident or attack involving civilian nuclear energy systems. A single inci-
dent anywhere would cast a pall over nuclear power everywhere. A 
substantial increase in both the number of plants operating worldwide and 
the amount of fuel being transported and handled for enrichment, repro-
cessing, or waste disposal inevitably heightens the risk that something, 
someday, will go wrong, even if the probability of any single event is 
extremely low. As a result, some experts have estimated that a further 
order-of-magnitude increase in reactor safety, along with substantial inter-
national progress to address current proliferation concerns, will be 
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required to maintain public acceptance in the face of a greatly expanded 
worldwide nuclear energy program. In the meantime, it seems clear that 
the fundamental challenges for nuclear power are as much—and perhaps 
more—political and social as they are technological or scientific.

In summary: Nuclear power 
Based on the foregoing discussion, no certain conclusion regarding the 
future role of nuclear energy emerges, except that a global renaissance of 
commercial nuclear power is unlikely to materialize over the next few 
decades without substantial support from governments; effective efforts to 
promote international collaboration (especially to address safety, waste, 
and proliferation concerns); changes in public perception; and the imposi-
tion of greenhouse gas constraints that would make low- or non-carbon 
energy technologies more cost-competitive with their currently cheaper 
fossil-fuel counterparts.42 In the case of nuclear power it is fair to say that 
understanding of the technology and of the potential developments that 
could mitigate some of the concerns reviewed above—both among the 
public and among policymakers—is dated. A transparent and scientifically 
driven re-examination of the issues surrounding nuclear power and their 
potential solutions is needed.

3.3 Non-biomass renewables
Renewable sources of energy—biomass, wind, solar, hydropower, geother-
mal, and ocean energy—have helped to meet humanity’s energy needs for 
millennia.43 Expanding the energy contribution from modern renewable 
technologies can help to advance important sustainability objectives and is 
widely considered desirable for several reasons:

Environmental and public health benefits. In most cases, modern 
renewable energy technologies generate far lower (or near-zero) emis-
sions of greenhouse gases and conventional air pollutants compared to 

4� The cost of nuclear power is dominated by the cost of design, approval, construction, and 
licensing. Fuel costs are a small percent of overall production costs, amortized over the life of 
the plant. In the United States, the utility companies that know how to operate nuclear plants 
efficiently (high utilization or capacity factors) are now offering training programs to other 
utility companies, in much the same way that major airlines offer pilot training and re-certi-
fication programs to smaller airlines. As a result, the fraction of time that U.S. nuclear power 
plants are producing energy has increased dramatically and is now over 90 percent.
4� The world's oceans represent a potentially vast source of energy, but current proposals to 
tap this resource are still in the experimental phase. Given that the potential of ocean energy 
remains, for now, largely speculative, this form of renewable energy does not receive further 
treatment here. 

•
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fossil-fuel alternatives;44 other benefits may involve reduced water and 
waste-disposal requirements, as well as avoided impacts from mining 
and drilling. 
Energy security benefits. Renewable resources reduce exposure to 
supply shortages and price volatility in conventional-fuel markets; they 
also offer a means for many countries to diversify their fuel supplies and 
reduce dependence on non-domestic sources of energy, including 
dependence on imported oil.
Development and economic benefits. The fact that many renewable 
technologies can be deployed incrementally in small-scale and stand-
alone applications makes them well-suited to developing country 
contexts where an urgent need exists to extend access to energy services 
in rural areas; also, greater reliance on indigenous renewable resources 
can reduce transfer payments for imported energy and stimulate job 
creation.

As with all energy supply options, renewable energy technologies also 
have drawbacks, many of them related to the fact that the resource being 
tapped (e.g., wind or sunlight) is diffuse and typically has low power 
density. A first issue, obviously, is cost—in particular, cost relative to 
conventional resource options with and without price signals to internalize 
climate impacts. Without price signals, many renewable energy options 
remain more costly than the conventional alternatives at present (although 
some technologies—such as wind—are rapidly approaching or have 
already achieved commercial competitiveness in some settings). 

The diffuse nature of many renewable resources also means that large-
scale efforts to develop their energy potential typically require more land 
(or water) area than conventional energy development. As a result, impacts 
on wildlife, natural habitats, and scenic vistas can become a significant 
issue for some projects. In the case of large hydropower developments, 
additional concerns may include impacts on human settlements and the 
potential for offsetting methane and carbon dioxide emissions. In many 
cases, concerns about land or ecosystem impacts can be addressed 
through appropriate siting, technology modifications, or other measures; 

44 The statement is not intended to imply that the impacts of renewable energy projects on 
greenhouse gas emissions and on the environment more generally are always unambigu-
ously positive. In the case of hydropower, an active debate is now underway concerning the 
potential for significant methane and carbon dioxide emissions from large installations, 
particularly in tropical settings. These emissions are generated by the decomposition of 
submerged organic matter and may be significant.

•

•
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in addition promising opportunities exist to deploy some renewable tech-
nologies in decentralized applications (e.g., rooftop solar panels). 

The remainder of this section focuses on non-biomass renewable energy 
options. (Modern biomass technologies are discussed separately in the 
next section). In the near to medium term, these resources have the poten-
tial to compete with conventional fuels in four distinct markets: power 
generation, hot water and space heating, transportation, and rural (off-
grid) energy. 

Renewable resource contribution
At present, the contribution from small hydropower, wind, and other non-
biomass energy resources remains relatively small, accounting for only 1.7 
percent of total primary energy production on a global basis in 2005.45 
Recent years, however, have seen explosive growth in several key renewa-
ble industries. Table 3.4 shows average annual energy production and 
production growth rates for different modern renewable technologies for 
2001–2005.46 In average, the contribution of modern renewables to the 
total primary energy supply (TPES) increased by approximately 11.5 
percent per year, over the period 2001–2005. Figure 3.7 shows the 
projected contribution of modern renewables, including biomass, to the 
total primary energy supply in 2010 and 2020 based on a continued 
growth of 11.5 percent per year.

Increasingly common in many countries, government policies—typi-
cally motivated by climate-change and energy-security concerns—have 
played an important role in spurring recent renewable-energy invest-
ments.47 Currently, at least 45 countries, including 14 developing coun-
tries, have adopted various policies—often in combination—to promote 
renewable energy (REN21, 2006 and 2005). Chief examples include 
investment or production tax credits; ‘feed-in’ tariffs (that require utilities 
to pay a certain minimum amount for renewable power supplied to the 
grid); portfolio standards or targets (that establish a specific share of 

45 If modern biomass energy is added, this percentage increases to �.6, and if traditional 
biomass energy and large hydropower are added, the percentage goes to ��.6.
46 It is important to note that recent substantial growth in installed renewable capacity 
worldwide has been largely driven by the introduction of aggressive policies and incentives 
in a handful of countries. The expansion of similar commitments to other countries would 
further accelerate current rates of deployment and spur additional investment in continued 
technology improvements.
47 Strictly from a climate-mitigation perspective, the costs of some of these policies in dollars 
per ton of avoided carbon dioxide may be high relative to other mitigation options. Typically, 
however, governments are motivated to support renewable energy for other reasons as well, 
including fuel diversity, energy independence, and local environmental improvement.
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energy or electricity supply to be provided using renewable resources);48 
and grants, loans, or other forms of direct support for research, develop-
ment, demonstration, and early deployment efforts. For example, in March 
2007, the member states of the European Union agreed to adopt, as a 
binding target, the goal of meeting 20 percent of all EU energy needs from 
renewable sources by 2020. China has adopted a goal of 10 percent renew-
able electric-generating capacity by 2010 (excluding large hydropower) and 
10 percent primary energy from renewables within the same timeframe 
(Table 3.5).

48 Such commitments can counter the common tendency in power-system planning to favor 
large-scale generators.

Table 3.4 Modern renewable energy: production and growth

Source/Technology   Production (ExaJoules) 
  2001 2004 2005  Growth rate (2001-2005) 
      in % per year

Modern biomass energy Total 8.32 9.01 9.18 2.50 
 Bioethanol 0.40 0.67 0.73 16.36 
 Biodiesel 0.04 0.07 0.13 34.27 
 Electricity 1.26 1.33 1.39 2.41 
 Heat 6.62 6.94 6.94 1.17 

Geothermal energy Total 0.60 1.09 1.18 18.37 
 Electricity 0.25 0.28 0.29 3.84 
 Heat 0.35 0.80 0.88 26.31 

Small hydropower Total 0.79 1.92 2.08 27.47 

Wind electricity Total 0.73 1.50 1.86 26.56 

Solar energy Total 0.73 2.50 2.96 41.83 
 Low temp heat 0.68 2.37 2.78 41.92 
 Thermal electricity 0.01 0.01 0.01 0.46 
 PV grid  0.06 0.10 55.00 
 PV off-grid 0.03 0.06 0.07 20.25 

Marine energy Total 0.01 0.01 0.01 0.46 

Total non-biomass modern renewables 2.86 7.02 8.09 

Total modern renewables  11.16 16.02 17.26 11.51 

Total primary energy supply (TPES) 418.85 469.00 477.10 1.60

Modern renewables/TPES (in percent) 2.7 3.4 3.6 

Sources: UNDP, UNDESA, and WEC, 2000 and 200�; REN2�, 200�; and IEA, 200�.
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Additional incentives or targets and other policies to promote renewable 
energy are increasingly also being adopted at the state and municipal level. 
Current research and development spending on renewable technologies 
by the United States and Europe now totals more than US$700 million 
per year; in addition, roughly half a billion dollars per year are being 
directed to renewable energy projects in developing countries.49 Recent 
developments in the business world reflect the growing enthusiasm for 
renewable energy: large commercial banks have begun to ‘mainstream’ 
renewable energy investments in their lending portfolios, and several 
major corporations have recently made substantial investments or acquisi-
tions in renewable energy enterprises. The 60 leading, publicly traded 
renewable energy companies, or divisions of companies, now have a 
combined market capitalization of US$25 billion and new organizations 

49 Funding for developing-country projects is provided through the German Develop-
ment Finance Group, the World Bank Group, the Global Environment Facility, and other 
donors. Data for much of the information in this chapter comes from the �005 and �006 
REN��Global Status Reports.

Figure 3.� Modern renewables projections for 2010 and 2020 

Note: Projections of modern renewables (including small hydro, excluding large) 
based on 11.5 percent growth per year, over the period 2001-2005.

Sources: UNDP, UNDESA, and WEC, 2000 and 200�; REN2�, 200�; And IEA, 200�
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Table 3.5 Renewable energy promotion policies and targets in selected countries

Note: Data updated with new EU-targets. The table presents targets as adopted by different governments. No 
attempt is made to convert these targets to a single, readily-compared metric, such as electricity production, 
capacity, share of generation, or share of capacity. The EU decided on its target in Spring 200�; EU member states 
are expected to elaborate on country-specific policies and regulations.

Source: REN2�, 2005.

Country Modern renewable energy targets Policy mechanisms

Australia 9.5 terawatt-hours by 2010 Renewable portfolion standard (RPS), sub-
sidies, tradable certificates, public financing

Brazil 3.3 gigawatts by 2006 from wind, biomass, small 
hydro

Feed-in tariffs, public financing

Canada 3.5%-15% of electricity in 4 provinces Subsidies, tax credits, public financing;  
varies by province

China 10% of capacity by 2010 (~60 GW); 5% of primary 
energy by 2010, 10% of primary energy by 2020

Feed-in tariffs, subsidies, tax credits, 
 public financing, competitive bidding

EU-25 20% of all energy by 2020 Varies by country

India 10% of new capacity between 2003-2012 (~10GW) Subsidies, tax credits, public financing,  
competitive bidding

Israel 2% of electricity by 2007; 5% by 2016 Feed-in tariff

Japan 1.35% of electricity by 2010, excluding geothermal 
& large hydro

RPS, subsidies, tradable certificates,  
net metering, public financing

Korea 7% of electricity by 2010 including large hydro; 1.3 
GW of grid-connected solar photovoltaic by 2011

Feed-in tariffs, subsidies, tax credits

New Zealand 30 petajoules of added capacity (including heat 
and transport fuels) by 2012 

Subsidies, public financing

Norway 7 TWh from heat and wind by 2010 Subsidies, tax credits, tradable certificates,  
competitive bidding

Philippines 4.7 GW total existing capacity by 2013 Tax credits, public financing

Switzerland 3.5 TWh from electricity and heat by 2010 Feed-in tariff

Thailand 8% of total primary energy by 2011 Feed-in tariff, RPS, subsidies, net metering

USA 5%-30% of electricity in 20 states Varies by state

are emerging to facilitate renewable energy investments through special-
ized networking, information exchange, market research, training, financ-
ing, and other assistance (REN21, 2006).

Current trends are encouraging, but most of the anticipated growth in 
renewable energy capacity remains concentrated in a handful (five or six) 
of countries. The challenge is to sustain healthy growth rates in countries 



IAC Report |Energy supply  9�

that already have ambitious renewable energy commitments and to initiate 
similar deployment efforts in more countries around the world. That chal-
lenge has important institutional and social dimensions, as well as techno-
logical and economic ones. Capacity building, for example, has emerged as 
a crucial issue for the maintenance of modern renewable energy infra-
structure in the developing world. Many well-intended renewable energy 
projects funded by international agencies or foreign governments have 
failed because of a lack of attention to the concomitant need for competent 
technicians and managers to maintain these systems. Other factors that 
have contributed to a disappointing success rate for renewable energy proj-
ects in Africa include lack of suitable policies, lack of involvement by target 
groups, lack of commitment to maintain projects by the governments of 
host countries, and lack of coordination between donors. 

Issues and hurdles of non-biomass options
Various issues and market hurdles apply to each of the chief non-biomass 
‘new’ renewable energy options: wind, solar photovoltaic (PV), solar ther-
mal, small hydropower, and geothermal. For each energy option, policy-
makers confront a similar set of questions:

Is the available technology adequate—in theory and in practice—to support 
growing demand?
Are there aspects of the resource—such as the intermittent nature of wind and 
sunlight—that currently limit its role in the marketplace? 
Can the technology compete economically with other options in an emissions-
constrained world (taking into account current subsidies for conventional and 
unconventional, resources as well as costs and benefits that are currently not 
internalized in market prices)?
How can other barriers, including siting issues, market or regulatory barriers, 
infrastructure constraints, and other barriers be overcome?
While the specifics of these questions vary for different technologies and 

resources, several general points are worth noting before proceeding to a 
more detailed discussion of the different options. 

Resource adequacy is generally not an issue, although some parts of the 
world hold more promise for certain renewable technologies than others. 
The rate at which sunlight is absorbed by the Earth is roughly 10,000 
times greater than the rate at which human beings use commercial energy 
of all kinds. Even when practical limitations are factored in, the remaining 
renewable resource base remains enormous. A recent analysis commis-
sioned for this report suggests that if one considers only those onshore 

•

•

•

•
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areas that are already economic for commercially available wind turbines 
(i.e., areas with Class 5 or better winds) and one applies a 90 percent exclu-
sion factor (i.e., one assumes that only 10 percent of these areas are avail-
able due to competing land uses or for other reasons), remaining wind 
energy potential is still theoretically sufficient to supply 100 percent of 
current global electricity consumption and as much as 60 percent of 
projected global consumption for 2025 (Greenblatt, 2005). 

The challenges for renewable energy technologies, therefore, are primar-
ily technological and economic: how to capture the energy from dispersed 
resources that typically have low power-density compared to fossil or 
nuclear fuels and deliver that energy where it is needed and when it is 
needed at reasonable cost. Significant cost reductions have been achieved 
in solar and wind technologies over the past decade, but as a means of 
generating electricity these options generally remain more expensive per 
kilowatt-hour of output than their conventional competitors. Other deploy-
ment hurdles derive from the nature of the resource itself. Wind and solar 
energy, because they are intermittent and not available on demand, pres-
ent challenges in terms of being integrated into electricity supply grids, 
which must respond instantaneously to changing loads. Intermittency 
imposes costs on electric power systems—costs that may be substantial at 
foreseeable levels of wind and solar deployment. 

To address this issue, large-scale improvements to transmission infra-
structure, the addition of more responsive conventional generation and 
possibly energy storage technologies may enable wind power to supply 
more than 30 percent of electric generation while keeping intermittency 
costs below a few cents per kilowatt-hour (DeCarolis and Keith, 2005; 
2006). The development of cost-effective storage options, in particular, 
should be a priority for future research and development since success in 
this area could significantly affect the cost of intermittent renewable 
resources and the magnitude of their contribution to long-term energy 
supplies. Potential storage options include added thermal capacity, 
pumped hydro or compressed air energy storage, and eventually hydrogen. 
Large hydropower has the advantage that it is not intermittent and is 
already quite cost-competitive, but the potential for new development in 
many areas is likely to be constrained by concerns about adverse impacts 
on natural habitats and human settlements.

wind 
With installed capacity increasing by an average of 30 percent per year 
since 1992, wind power is among the fastest growing renewable energy 
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technologies and accounts for the largest share of renewable electricity-
generating capacity added in recent years. In 2006 alone, 15.2 gigawatts of 
new wind capacity (representing a capital investment of more than US$24 
billion) was added worldwide, bringing total installed wind capacity to 59 
gigawatts (GWEC, 2006). Leading countries for wind development are 
Germany (18.4 gigawatts total), Spain (10 gigawatts), the United States (9.1 
gigawatts), India (4.4 gigawatts), and Denmark (3.1 gigawatts). This 
impressive progress is due in large part to continuing cost reductions 
(capital costs for wind energy declined more than 50 percent between 
1992 and 2001) and strong government incentives in some countries 
(Juninger and Faaij, 2003). Over time, wind turbines have become larger 
and taller: the average capacity of individual turbines installed in 2004 was 
1.25 megawatts, double the average size of the existing capacity base (BP, 
2005). 

A simple extrapolation of current trends—that is without taking into 
account new policy interventions—suggests that wind capacity will 
continue to grow robustly. The IEA (2004) World Energy Outlook reference 
case forecast for 2030 includes 328 gigawatts of global wind capacity and 
929 terawatt-hours of total wind generation, a more than five-fold increase 
of the current capacity base. Renewable energy advocates have put forward 
far more aggressive scenarios for future wind deployment: the European 
Renewable Energy Council’s Advanced International Policies Scenario, for 
example has wind generation increasing to 6,000 terawatt-hours by 2030 
and 8,000 terawatt-hours by 2040.50 Overall, the potential wind resource 
is vast though not distributed evenly around the globe. Based on available 
surveys, North America and a large part of the Western European coast 
have the most abundant resources, whereas the resource base in Asia is 
considerably smaller, with the possible exception of certain areas such as 
Inner Mongolia where the wind potential may be in excess of 200 giga-
watts. Looking beyond the continental scale, wind resources in North 
America are concentrated in the middle of the continent, while Europe’s 
best resources are found along the Western coast and in Russia and Sibe-
ria. Further study is needed to assess the resource base in Africa where it 
appears that wind resources may be concentrated in a few areas on the 
northern and southern edges of the continent. 

50 Assuming a roughly �0 percent capacity factor, this is roughly consistent with projections 
Greenblatt (�005) cites: the European Wind Energy Association (EWEA) and Greenpeace 
projected growth to �,�00 gigawatts by �0�0 (�� percent of demand), broken down as ��0 
gigawatts in Europe, �50 gigawatts in the United States, �70 gigawatts in China, and 550 giga-
watts in the rest of the world, with growth plateauing at �,�00 gigawatts globally in �0�8. Note 
also that EREC  s aggressive policy scenario shows photovoltaic with a slightly larger 
role than wind by �040 (EWEA and Greenpeace, �004).
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Intermittency is a significant issue for wind energy: wind speeds are 
highly variable, and power output drops off rapidly as wind speed declines. 
As a result, turbines produce, on average, much less electricity than their 
maximum rated capacity. Typical capacity factors (the ratio of actual output 
to rated capacity) range from 25 percent on-shore to 40 percent off-shore 
depending on both wind and turbine characteristics. At current levels of 
penetration, wind’s intermittency is generally readily manageable: grid 
operators can adjust output from other generators to compensate when 
necessary. In these situations grid operators treat wind parks much like 
‘negative loads’ (Kelly and Weinberg, 1993; DeCarolis and Keith, 2005). 
Longer-term, as wind penetration expands to significantly higher levels 
(e.g., in excess of 20 percent of total grid capacity), the intermittency issue 
may become more significant and may require some combination of inno-
vative grid management techniques, improved grid integration, dispatch-
able back-up resources, and cost-effective energy storage technologies.51 
Obviously, some of these options—such as back-up capacity and energy 
storage—would add to the marginal cost of wind power. In addition, new 
investments in transmission capacity and improvements in transmission 
technology that would allow for cost-effective transport of electricity over 
long distances using, for example, high-voltage direct current lines would 
allow for grid integration over much larger geographic areas and could 
play a crucial role in overcoming intermittency concerns while expanding 
access to remote but otherwise promising resource areas.52 

Meanwhile, as has already been noted, options for low-cost energy stor-
age on the scale and over the timeframes required (i.e., multiple hours or 
days) merit further exploration. Potential storage options for wind and 
other intermittent renewable resources include pumped hydroelectric stor-
age, compressed air energy storage, and hydrogen. Pumped hydro requires 

5� Many regions are either approaching or setting goals of �0 percent or higher renewable 
generation (Greenblatt, �005). In current applications, where wind is generally a relatively 
small part of the grid, natural gas turbines often provide backup generation because of their 
fast ramp rates and inexpensive capital costs. In other instances, ramping coal or hydroelec-
tric plants can be used to provide backup generation; nuclear is rarely used, due to the need 
to run at full output power. Complementary renewable generation (for instance, solar photo-
voltaic, which peaks during the day compared to wind energy which often peaks at night) or 
demand-side management are other options, but their use is not widespread.
5� With sufficiently low transmission costs, remote onshore wind exploited via long-distance 
transmission may be a strong competitor to offshore wind energy, even if the latter is located 
closer to demand, especially given the higher capital cost and maintenance requirements 
associated with offshore facilities. Indeed, even as Europe aggressively develops offshore 
wind parks, it is considering long-distance transmission from wind developments outside the 
region, such as in Morocco, Russia, and Siberia.
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two reservoirs of water at different heights, whereas compressed air stor-
age—in the two commercial projects of this type that exist to date—has 
entailed using a large underground cavern. Compressed air storage may 
also be feasible in more ubiquitous underground aquifers. While pumped 
hydro may be preferable when a source of elevated water storage is nearby, 
compressed air storage can be sited where there is suitable underground 
geology. It is worth noting, however, that compressed air must be heated in 
some way before it can be directly used in an air turbine; hence the usual 
assumption is that compressed air storage would be integrated with a gas 
turbine. Longer term, hydrogen may provide another promising storage 
option for intermittent renewables. When wind or solar energy is available, 
it could be used to produce hydrogen, which could in turn be used for a 
variety of applications—including for electricity production, as a primary 
fuel source, or in fuel cells—once appropriate distribution infrastructure 
and end-use technologies are developed.53

Longer term, other innovations have been suggested that could further 
improve wind’s competitive position. Potential R&D frontiers include 
‘derating’ techniques that allow turbines to operate at lower wind speeds 
(thereby reducing capital costs and energy storage requirements); special-
ized turbines and other infrastructure to access deep offshore resources; or 
even systems designed to capture the vast wind resources that exist in the 
free troposphere, several kilometers above the earth’s surface.

solar photovoltaic 
Solar PV technologies use semiconductors to convert light photons 
directly into electricity. As with wind, installed capacity has increased 
rapidly over the last decade; grid-connected solar PV capacity grew on aver-
age more than 60 percent per year from 2000 to 2004. This growth 
started from a small base however. Total installed capacity was just 2.0 
gigawatts worldwide by the end of 2004; it grew to 3.1 gigawatts by the end 
of 2005 (REN21, 2006) . Solar PV has long had an important niche, 
however, in off-grid applications providing power in areas without access 
to an existing electricity grid. Until recently, solar PV has been concen-
trated in Japan, Germany, and the United States where it is supported by 
various incentives and policies. Together, these countries account for over 
85 percent of installed solar PV capacity in the OECD countries (BP, 

5� Note that hydrogen can potentially be used as a primary fuel in dispersed applications 
(e.g., for heating and cooking in rural areas), even before hydrogen fuel-cell technology is 
successfully commercialized.
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2005). Solar PV is also expected to expand rapidly in China where installed 
capacity—currently at approximately 100 megawatts—is set to increase to 
300 megawatts in 2010 (NDRC, 2006). Increasingly, solar PV is being 
used in integrated applications where PV modules are incorporated in the 
roofs and facades of buildings and connected to the grid so that they can 
flow excess power back into the system. 

Estimates of solar energy’s future contribution vary widely and, as with 
all projections or forecasts, depend heavily on policy and cost assumptions. 
As with wind, the potential resource base is large and widely distributed 
around the world, though prospects are obviously better in some countries 
than in others. To the extent that PV modules can be integrated into the 
built environment, some of the siting challenges associated with other 
generating technologies are avoided. The main barrier to this technology 
in grid-connected applications remains high cost. Solar PV costs vary 
depending on the quality of the solar resource and module used, but they 
are typically higher than the cost for conventional power generation and 
substantially higher than current costs for wind generation. 

Another significant issue, as with other renewable options like wind, is 
intermittency. Different economic and reliability parameters apply in non-
grid applications where solar photovoltaic is often less costly than the alter-
natives, especially where the alternatives would require substantial grid 
investments.

Achieving further reductions in the cost of solar power will likely require 
additional technology improvements and may eventually involve novel 
new technologies (such as die-sensitized solar cells).54 Near-term cost-
reduction opportunities include improving cell production technology, 
developing thin-film technologies that reduce the amount of semiconduc-
tor material needed, designing systems that use concentrated solar light, 
and substituting more efficient semiconductors for silicon. In the mid- to 
longer-term future, ambitious proposals have been put forward to 
construct megawatt-scale solar PV plants in desert areas and transmit the 
energy by high voltage transmission lines or hydrogen pipelines.55 Even 
more futuristic concepts have been suggested. Meanwhile, solar photovol-
taic is likely to continue to have important near-term potential in 
dispersed, ‘distributed generation’ applications, including as an integral 

54 PV installations have recently been running ahead of annual production, leading to higher 
prices for PV modules
55 Use of hydrogen as a carrier for solar-derived energy might be constrained in desert areas 
by the scarcity of water, which would be needed as a feedstock for hydrogen production.
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part of building envelope design and as an alternative to other non-grid-
connected options (like diesel generators) in rural areas.

solar thermal
Solar thermal technologies can be used to provide space conditioning 
(both heating and cooling) in buildings, to heat water, or to produce elec-
tricity and fuels. The most promising opportunities at present are in 
dispersed, small-scale applications, typically to provide hot water and space 
heating directly to households and businesses. Solar thermal energy can 
be effectively captured using ‘passive’ architectural features such as sun-
facing glazing, wall- or roof-mounted solar air collectors, double-façade 
wall construction, air-flow windows, thermally massive walls behind glaz-
ing, or preheating of ventilation through buried pipes. It can also be used 
as a direct source of light and ventilation by deploying simple devices that 
can concentrate and direct sunlight even deep inside a building and by 
exploiting pressure differences that are created between different parts of a 
building when the sun shines. In combination with highly efficient, end-
use energy systems, as much as 50–75 percent of the total energy needs of 
buildings as constructed under normal practice can typically be eliminated 
or satisfied using passive solar means. 

Active solar thermal systems can supply heat for domestic hot water in 
commercial and residential buildings, as well as for crop drying, industrial 
processes, and desalination. The main collector technologies—generally 
considered mature but continue to improve—include flat panels and evac-
uated tubes. Today, active solar thermal technology is primarily used for 
water heating: worldwide, an estimated 40 million households (about 2.5 
percent of total households) use solar hot water systems. Major markets 
for this technology are in China, Europe, Israel, Turkey, and Japan, with 
China alone accounting for 60 percent of installed capacity worldwide.56 
Active systems to provide space heating are increasingly being deployed in 
a number of countries, notably in Europe. Costs for solar thermal hot 
water, space heating, and combined systems vary with system configura-
tion and location. Depending on the size of panels and storage tanks, and 
on the building envelope, it has been estimated that 10–60 percent of 
combined household hot water and heating loads can be met using solar 
thermal energy, even at central and northern European locations. 

56 Solar water heater installations reached 6� million square-meters in China by the end of 
�005. This represented only 5 percent of possible customers, however, suggesting that the 
potential for further expansion of solar thermal technology in China is substantial.
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At present, solar thermal energy is primarly used for water heating. 
Technologies also exist, however, to directly use solar thermal energy for 
cooling and dehumidification. Cost remains a significant impediment, 
though cost performance can sometimes be improved by combination 
systems that provide both summer cooling and winter heating. Simula-
tions of a prototype indirect-direct evaporative cooler in California indicate 
savings in annual cooling energy use in excess of 90 percent. Savings 
would be less in a more humid climate, though they can be enhanced 
using solar-regenerated liquid desiccants. Finally, systems that actively 
collect and store solar thermal energy can be designed to provide district 
heating and cooling to multiple buildings at once; such systems are 
already being demonstrated in Europe—the largest of them, in Denmark, 
involves 1,300 houses.

A number of technologies also exist for concentrating solar thermal 
energy to supply industrial process heat and to generate electricity. Typi-
cally, parabolic troughs, towers, or solar-tracking dishes are used to 
concentrate sunlight to a high energy density; the concentrated thermal 
energy is then absorbed by some material surface and used to operate a 
conventional power cycle (such as a Rankin engine or low-temperature 
steam turbine). Concentrating solar thermal electricity technologies work 
best in areas of high direct solar radiation and offer advantages in terms of 
built-in thermal energy storage. 

Until recently, the market for these technologies has been stagnant with 
little new development since the early 1990s when a 350-megawatt facility 
was constructed in California using favorable tax credits. The last few years 
have witnessed a resurgence of interest in solar-thermal electric power 
generation, however, with demonstration projects now underway or 
proposed in Israel, Spain, and the United States and in some developing 
countries. The technology is also attracting significant new investments of 
venture capital. Longer term, the potential exists to further improve on 
existing methods for concentrating solar thermal power, particularly with 
respect to less mature dish and mirror/tower tracking technologies. Meth-
ods of producing hydrogen and other fuels (e.g., solar-assisted steam 
gasification of coal or other solid fuels) and other means of utilizing dilute 
forms of solar heat (e.g., evacuated tube collectors, solar ponds, solar chim-
neys, and use of ocean thermal energy) are also being investigated. 
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hydropower
Hydroelectricity remains the most developed renewable resource world-
wide: it now accounts for most (85 percent) of renewable electricity 
production and is one of the lowest-cost generating technologies available. 
Worldwide, large hydropower capacity totaled some 772 gigawatts in 2004 
and accounted for approximately 16 percent of total electricity production, 
which translated to 2,809 terawatt-hours out of a total 17,408 terawatt-
hours in 2004 (IEA, 2006). 

 As with other renewable resources, the theoretical potential of hydro-
power is enormous, on the order of 40,000 terawatt-hours per year (World 
Atlas, 1998). Taking into account engineering and economic criteria, the 
estimated technical potential is smaller but still substantial at roughly 
14,000 terawatt-hours per year (or more than 4 times current production 
levels). Economic potential, which takes into account societal and environ-
mental constraints, is the most difficult to estimate since it is strongly 
affected by societal preferences that are inherently uncertain and difficult 
to predict. Assuming that, on average, 40 to 60 percent of a region’s tech-
nical potential can be utilized suggests a global economic hydro-electricity 
potential of 7,000–9,000 terawatt-hours per year.

 In Western Europe and the United States, approximately 65 percent and 
76 percent, respectively, of technical hydroelectricity potential has been 
developed, a total that reflects societal and environmental constraints. For 
many developing countries, the total technical potential, based on simpli-
fied engineering and economic criteria with few environmental consider-
ations, has not been fully measured while economic potential remains 
even more uncertain. Current forecasts anticipate continued growth in 
hydropower production, especially in the developing world where large 
capacity additions are planned, mostly in non-OECD Asian countries. Else-
where, concerns about public acceptance (including concerns about the 
risk of dam breaks); environmental impacts (including habitat loss as well 
as the potential for carbon dioxide and methane emissions from large 
dams, especially in tropical settings); susceptibility to drought; resettle-
ment impacts; and availability of sites are prompting a greater focus on 
small hydro resources. In 2000, a report issued by the World Commission 
on Dams identified issues concerning future dam development (for both 
energy and irrigation purposes) and emphasized the need for a more 
participatory approach to future resource management decisions (WDC, 
2000).

Today, worldwide installed small hydro capacity exceeds 60 gigawatts 
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with most of that capacity (more than 13 gigawatts) in China.57 Other coun-
tries with active efforts to develop small hydro resources include Australia, 
Canada, India, Nepal, and New Zealand. Small hydro projects are often 
used in autonomous (not grid-connected) applications to provide power at 
the village level in lieu of diesel generators or other small-scale power 
plants. This makes them well suited for rural populations, especially in 
developing countries. Worldwide, the small hydro resource base is quite 
large, since the technology can be applied in a wide range of streams. In 
addition, necessary capital investment is usually manageable, the 
construction cycle is short, and modern plants are highly automated and 
do not need permanent operational personnel. The primary barriers are 
therefore social and economic rather than technical. Recent R&D efforts 
have focused on incorporating new technology and operating methods and 
further minimizing impacts on fish populations and other water uses.

geothermal
Geothermal energy lying below the earth’s surface has long been mined as 
a source of direct heat and, within the last century, to generate electricity.58 
Geothermal electricity production is generally practical only where under-
ground steam or water exists at temperatures greater than 100 degrees 
Celcius ; at lower temperatures (50–100 degrees Celcius) geothermal 
energy can be used for direct heat applications (e.g., greenhouse and space 
heating, hot water supply, absorption cooling). A different kind of applica-
tion altogether involves heat pumps that effectively use the earth as a stor-
age medium. Ground-source heat pumps take advantage of the relatively 
stable temperatures that exist below ground as a source of heat in the 
winter and as a sink for heat in the summer; they can provide heating and 
cooling more efficiently than conventional space-conditioning technolo-
gies or air-source heat pumps in many parts of the world. 

Global geothermal electric-generating capacity is approximately 9 giga-
watts, most of it concentrated in Italy, Japan, New Zealand, and the United 
States. The potential for further geothermal development using current 
technology is limited by available sites, but the available resource base 
could be significantly affected by improved technologies.59 The hottest 

57 There is no single, widely accepted definition for what constitutes small hydro, but a typi-
cal size threshold is on the order of �0 megawatts (capacity).
58 Geothermal energy is generally included with renewable resources despite it is not, strictly 
speaking, replenishable on the time scales that other renewable resources are. 
59 See,further discussion of geothermal potential in chapter 7 of the World Energy Assess-
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hydrothermal fields are found at the Pacific Ocean rim, in some regions of 
the Mediterranean, and in the Indian Ocean basin. Worldwide, more than 
100 hydrothermal fields are thought to exist at rather shallow depths of 1–2 
kilometers with fluid temperatures high enough to be suitable for power 
production. According to the IEA (2006) World Energy Outlook reference 
case, geothermal power capacity and production can be expected to grow to 
25 gigawatts and 174 terawatt-hours, respectively by 2030, accounting for 
the roughly 9 percent of the total new renewable contribution. Technology 
improvements that would reduce drilling costs and enable access to 
geothermal resources at greater depths could substantially expand the 
resource base. In addition, technologies that could draw heat from dry 
rocks instead of relying on hot water or steam would significantly increase 
geothermal potential. Such technologies are not yet developed but are 
being explored in Europe. An existing EU research program, for example, 
is pursuing the use of hot dry rock geothermal energy for power produc-
tion (EEIG, 2007).

The potential resource base for direct-heat applications of geothermal 
energy is much larger. In fact, direct-heat utilization nearly doubled from 
2000 to 2005, with 13 gigawatt-thermal added over this time period and at 
least 13 countries using geothermal heat for the first time. Iceland leads 
the world in existing direct-heat capacity, supplying some 85 percent of its 
overall space heating needs using geothermal energy, but other coun-
tries—notably Turkey—have substantially expanded their use of this 
resource in recent years. About half of current global capacity is in the 
form of geothermal or ‘ground source’ heat pumps, with some 2 million 
units installed in over 30 countries worldwide (mostly in Europe and the 
United States). 

In summary: Non-biomass renewable options
In the future, continued improvement in energy conversion, storage, and 
transmission technologies could further improve the cost-competitiveness 
of renewable energy options, help to address the reliability concerns that 
may arise at higher levels of penetration, and expand the number of sites 
that are suitable for renewable energy development. Ensuring that 
progress continues at the rate needed to support a major role for renewa-
ble energy resources within the first half of this century will require, 
however, that governments worldwide maintain a strong commitment to 
implementing policies and funding investments that will accelerate the 

ment (UNDP, UNDESA, and WEC, �000).
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development and deployment of renewable technologies. Meaningful 
carbon constraints, especially in industrialized countries, are clearly part of 
the picture and will be essential in creating opportunities for new renew-
able alternatives to compete with the conventional technologies that 
currently dominate world energy markets. 

3.4 Biomass
The conversion of sunlight into chemical energy supports nearly all plant 
and animal life on Earth. Biomass is one of humanity’s oldest energy 
resources and, according to available estimates, still accounts for approxi-
mately 10 percent of global primary energy consumption today. Precise 
data do not exist, but as much as one-third of the world’s population relies 
on fuel wood, agricultural residues, animal dung, and other domestic 
wastes to meet household energy needs. Such traditional uses of biomass 
are estimated to account for more than 90 percent of the biomass contri-
bution to global energy supply, most of which occurs outside the formal 
market economy and predominately in developing countries. In these 
countries, traditional biomass has been estimated to account for more 
than 17 percent of total primary energy consumption. Modern uses of 
biomass to generate electricity and heat or as a source of fuels for transpor-
tation are estimated to account for less than 10 percent of total biomass 
energy consumption worldwide. 

Because biomass is a renewable resource that can achieve low or near-
zero carbon emissions (provided appropriate conversion technologies are 
used and feedstocks are sustainably managed), expanded reliance on 
biomass in modern applications is widely viewed as playing an important 
role in the transition to more sustainable energy systems. Biomass merits 
particular attention because, in the near to medium term, it offers the 
most promising alternatives to petroleum-based liquid fuels for the trans-
portation sector. By contrast, biomass use in traditional applications often 
has negative impacts on public health and the environment and is 
frequently conducted in a manner that cannot be considered sustainable or 
renewable (in the sense that it avoids degrading or depleting the underlying 
resource base over time). Aggregated energy data rarely distinguish 
between different types of biomass uses: it is difficult to tell from available 
statistics, for example, what portion of the estimated biomass contribution 
consists of forest and agricultural waste collected manually by small 
communities versus large-scale production of charcoal from native forests 
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to supply industries and cities.60

In general, traditional uses of biomass, primarily for cooking in many 
parts of Africa, Asia, and Latin America, are quite inefficient and 
frequently result in the depletion of natural resources. Reliance on 
biomass fuels can lead to deforestation, for example, and in doing so can 
become a net source of greenhouse gas emissions. Moreover, in traditional 
applications, the quality of energy services provided using biomass 
resources (mostly lighting and heating) is generally poor and exacts a high 
price in terms of the human work necessary to collect and transport the 
fuel. This work can have the effect of excluding entire populations—espe-
cially girls and women—from the formal economy. And the health impacts 
associated with high levels of indoor air pollution typically pose a particu-
lar risk for the most vulnerable members of a community (women, chil-
dren, and the elderly). Despite these drawbacks, billions of people 
continue to rely on dung, crop residues, and wood for the simple reason 
that these fuels are the most accessible and least costly energy resources 
available to them. Dry biomass is easily stored. Its use has cultural roots in 
many societies. And without it, many countries would have to increase 
energy imports, and many poor households would have to expend a 
greater share of their limited resources on purchasing other commercial 
forms of energy. Progress in delivering modern energy to rural areas has 
been slow, but significant opportunities exist to improve or displace tradi-
tional methods of using biomass energy with attendant benefits in terms 
of human health and conservation. Various technology options for improv-
ing combustion efficiency and reducing emissions are available at rela-
tively modest cost: a modern cooking stove, for example, can yield effi-
ciency improvements of 10–30 percent for a cost of US$5–10. Switching 
from traditional biomass to biogas, kerosene, propane (liquid petroleum 
gas), or even electricity can raise cooking stove efficiency substantially at a 
cost of US$20–60 per unit (refer back to Box 1.2 in Chapter 1).

Modern uses of biomass, however, offer a far greater array of possibili-
ties for reducing dependence on fossil fuels, curbing greenhouse gas emis-
sions, and promoting sustainable economic development. A range of 
biomass energy technologies, suitable for small- and large-scale applica-

60 The best databases available address rates of deforestation as a whole, including a large 
share of land-use change not related to energy consumption (FAO, �005). Estimates of fuel-
wood consumption are often obtained by indirect methods that rely on other measures, such 
as population growth, and negative correlations with substitutes like kerosene, liquid petro-
leum gas, or even electricity.
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tions, are available. They include gasification, combined heat and power 
(cogeneration) schemes, landfill gas, energy recovery from municipal solid 
wastes, or biofuels for the transportation sector (ethanol and biodiesel).

Recent interest in biomass energy has focused primarily on applications 
that produce liquid fuels for the transportation sector. Figure 3.8 outlines 
potential pathways to future biofuels production. Given growing concerns 
about global petroleum supply adequacy and the current lack of diversity 
in available fuel options for the transport sector, such fuels represent the 
highest-value use of biomass energy at present. Ultimately, the most prom-
ising biomass applications of all are likely to involve integrated systems 
where, for example, biomass is used as both fuel and feedstock in the co-
production of liquid transportation fuels and electricity. 

Of all available options, sugarcane ethanol is the most commercially 
successful biomass fuel in production today. Sugarcane ethanol has a posi-
tive energy balance and has benefited from supportive government poli-
cies in several countries, including Brazil that currently meets roughly 40 
percent of its passenger vehicle fuel needs (one-third of its total transporta-
tion energy demand) with sugarcane ethanol (Macedo and other, 2004; 
Goldemberg and others, 2003). Globally, a substantial near-term opportu-
nity exists to expand sugarcane ethanol production: almost 100 countries 
harvest sugarcane and state-of-art conversion technologies are available. 
Moreover, experience in Brazil suggests that the adverse environmental 
impacts associated with large-scale sugarcane ethanol production can be 
significantly mitigated by experience and legal enforcement of environ-
mental regulations. Ethanol is also being produced on a commercial scale 
from corn in the United States, which has subsidized ethanol for a 
number of years and more recently adopted a federal renewable fuels 
mandate to promote alternatives to petroleum-based transportation fuels 
(USDOE, 2006; Perlack and others, 2005).

Another type of biomass-based transport fuel—biodiesel—has recently 
become commercially available as a result of programs in Europe and 
North America, but this option offers limited potential for reducing 
production costs and its viability is likely to continue to depend on external 
incentives like agricultural subsidies. In addition, adherence to fuel speci-
fications and effective quality control are important factors for ensuring 
the commercial viability of biodiesel. Recent technology advances have 
involved efforts to diversify the biodiesel supply chain by, for example, 
using bioethanol instead of coal methanol as a feedstock.

Biogas energy from anaerobic digestion at landfills, sewage treatment 
facilities, and manure management sites, is considered a ‘low-hanging 
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fruit’ option in the context of carbon credits available through the interna-
tional Clean Development Mechanism (CDM). This form of biomass 
energy not only displaces fossil-fuel combustion but reduces emissions of 
methane, a more potent greenhouse gas than carbon dioxide.

Commercially available technologies for converting biomass to usable 
forms of energy vary in terms of scale, fuel quality, and cost. Large-scale 
technologies that are already on the market include fixed bed combustion, 
fluidized beds, dust combustion, biomass and coal co-firing, municipal 
solid wastes energy recovery as well as several types of systems for gasifica-
tion, pyrolysis, etc. Many of these technologies are not yet commercially 
available in developing countries, however, and require financial 
support—as well as local capacity building—if they are to be deployed 
more widely.

Figure 3.8 Potential pathways for biofuels production 

Note: The current production of biofuels from lignocellulosic biomass feedstocks—
including biomass grown for energy production and organic wastes (e.g., rice 
and wheat straw, wood resdidues)—proceeds through a pre-treament process 
that separates lignin from long-chain sugars (cellulose and hemicellulose), 
depolymerization into simple sugars, and finally fermentation into alcohol. 
Alternate pathways that are being explored include the possible consolidation 
of pre-treatment, depolymerization, and fermentation. An alternative pathway 
involves converting biomass into a synthesis gas (mixture of carbon monoxide and 
hydrogen), which is then converted to hydrocarbon fuel. Industrial production of 
biofuels via microbes, such as algae or basteria, is another possibility. 

Source: Beth Burnside, Vice Chancellor for Research and Professor of Molecular 
and Cell Biology, University of California at Berkeley; and Steve Chu, Director of 
Lawrence Berkeley National Laboratory, and Professor of Physics and Molecular 
and Cell Biology, University of California at Berkeley. 
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The future of modern biomass
As with some other renewable energy options, the theoretical potential for 
biomass energy is enormous. Of the approximately 100,000 terawatts of 
solar energy flow that reach the Earth´s surface, an estimated 4,000 tera-
watts reach the world’s 1.5 billion hectares of existing crop lands. Assum-
ing that modern biomass technologies could achieve 1 percent energy 
conversion efficiency, these existing crop lands could in theory yield 40 
terawatts of usable energy flow, or more than 3 times the current global 
primary energy supply flow of 14 terawatts. This exercise is not intended to 
imply that all arable land should be converted for energy-production 
purposes but only to illustrate that there is scope for a significant expan-
sion of the modern biomass energy contribution, given that this contribu-
tion was estimated at only 0.17 gigawatts in 2003 (Somerville, 2005; 
Macedo, 2005). 

There are numerous areas in developing countries where the harvesting 
of improved biofuel feedstocks can be substituted for the present foraging 
of indigenous plants. The efficient use of these biomass feedstocks for the 
local co-production of heat, electricity, and transportation fuel would also 
have a profound impact on the ability of rural populations to access 
modern, cleaner forms of energy. Energy solutions that can be deployed 
with modest capital investments will be a crucial element of an effective 
energy strategy. It will also be crucial—as part of any large-scale expansion 
of biomass energy production—to manage competing demands for food 
production and habitat preservation. In areas where the resource base is 
sufficiently abundant to support both food and energy crops, or in cases 
where it is feasible to make complementary use of the same feedstocks  
(e.g., using residues from food crops for energy production), land 
constraints may not emerge as a significant issue. In other areas, however, 
the potential for energy production to displace food production may gener-
ate concern—especially if food production serves the local population, 
while energy production is primarily for export.61 

Some of the most promising opportunities for addressing these 
concerns and expanding the contribution of modern biomass energy 
involve cutting-edge advances in the biological and chemical sciences, 
including the development of crops designed for energy production 
through genetic selection or molecular engineering, specialized enzymes, 
and even the artificial simulation of natural biological processes such as 

6� A sharp increase in corn prices, due in part to rapidly expanding demand for ethanol in 
the United States, caused rioting in Mexico in early �007. 



IAC Report |Energy supply  113

photosynthesis. Breakthroughs from new frontiers in biomass energy, in 
any of the several areas of current research described in Box 3.2, could 
have profound implications for the future of biomass energy technologies. 
As with other renewable resource options, the magnitude of the biomass 
contribution will depend on how much progress can be achieved in key 
areas:

Reducing costs;
Mitigating environmental impacts like water usage, chemicals (pesti-
cides or fertilizers) added, biodiversity losses; and
Minimizing pressure on scarce land resources in terms of competing 
requirements for food and fiber production and habitat preservation.
Solutions that simultaneously address all of these hurdles involve 

expanding the land available for biomass energy production; integrating 
biomass energy development with sustainable agricultural and forestry 
practices; improving crop productivity with regard to land, water, and 
nutrient use; and developing advanced production and conversion technol-
ogies. Biofuels produced from lignocellulose rather than starches appear 
more promising, both in terms of minimizing potential conflicts between 
food and energy production and in terms of maximizing environmental 
benefits (including greenhouse gas reductions) relative to fossil-fuel use. 

Significant improvements have, of course, already been achieved world-
wide with regard to agricultural productivity. Between 1950 and 1999, the 
land area used to grow cereal crops increased by 17 percent. During this 
same time, cereal-crop output rose by 183 percent, thanks to productivity 
improvements. The introduction of new strains of plant species has diver-
sified crop cultures, allowing for efficient harvesting in different types of 
soils, climates, and water conditions and also achieving better yields. 

The European Union and the United States are conducting intensive 
R&D to improve the cost competitiveness of commercial ethanol produc-
tion. Current efforts are focused on promoting the efficient recovery of 
sugars through the hydrolysis of cellulose and hemicellulose fractions of 
biomass, as well as better sugar fermentation. Researchers are investigat-
ing a large number of possible process arrangements for different crops in 
hopes of reducing ethanol production costs by as much as one-third within 
five years (Macedo, 2005).

With rising oil and natural gas prices and with the new incentives gener-
ated by emerging carbon markets, landfill gas, sugarcane bagasse, biodie-
sel, managed forest wood, and waste-to-energy schemes are also becoming 
attractive options. Based on current trends in technology development, 

•
•

•
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costs for biomass energy recovery are expected to decline by up to two-
thirds in 20 years, even as a broader mix of biomass-based products—
including not only energy products, but also chemical feedstocks—
becomes commercially viable (Macedo, 2005).

Progress in developing biomass energy alternatives, besides relieving 
pressure on finite fossil-fuel resources, would reduce the cost of mitigating 
carbon emissions. Sugarcane ethanol, for example, has a positive net 
energy balance of eight to one and a near-zero present carbon-mitigation 
cost. As a means of avoiding greenhouse gas emissions, bioethanol could 
soon achieve negative costs as it becomes cheaper than gasoline—even 
without government subsidies—in some markets. On the other hand, 
much of the ethanol and biodiesel commercially produced in the OECD 

Box 3.2 Frontiers in biofuels production
At present, the biofuels industry is pri-
marily based on the production of etha-
nol via the fermentation of sugars or 
starches and on the production of bio-
diesel derived from plant oils. The use 
of lignocellulosic (woody or fibrous) 
biomass materials—as opposed to 
starches or sugars—is, thought howev-
er to hold far greater potential for maxi-
mizing the efficient conversion of sun-
light, water, and nutrients into biofuels. 
Perennial plants such as grasses or fast-
growing trees appear particularly attrac-
tive for large-scale sustainable biofuel 
production for several reasons: (a) no 
tillage is required for approximately �0–
�5 years after first planting, (b) long-
lived roots can be developed to estab-
lish symbiotic interactions with bacteria 
to acquire nitrogen and mineral nutri-
ents, resulting in order-of-magnitude 
less nitrate runoff and soil erosion, and 
(c) some perennials withdraw a sub-
stantial fraction of mineral nutrients 
from above-ground portions of the plant 
before harvest. Wild-type grasses such 
as miscanthus have produced up to 2� 
dry tons per acre (sufficient to produce 
2,�00 gallons of ethanol per acre) on 
non-irrigated, non-fertilized land in the 
United States (Long, 200�). This is ap-
proximately five times higher than the 
average yield from sugarbeet or starch 
feedstocks such as corn (the latter in dry 
weight). In general, biodiesel yields 
from most types of feedstock—except 
palm oil—are smaller.

Present methods of producing ethanol 
from cellulosic feedstock proceed in 
three steps: 

(a) Thermochemical pretreatment of 
raw biomass to make complex cellu-
lose and hemicellulose polymers more 
accessible to enzymatic breakdown;  
(b) Application of special enzyme cock-
tails that hydrolyze plant cell-wall poly-
saccharides into a mixture of simple 
sugars; and 
(c) Fermentation, mediated by bacteria 
or yeast, to convert these sugars to eth-
anol

The energy-rich lignin that is separated 
from the cellulose and hemicellulose 
can then be either burned to power the 
biorefinery or converted to syngas and 
then to Fischer-Tropsch fuels. 

Current methods depend on complex, 
energy-intensive steps where pretreat-
ment is incompatible with enzymatic 
deconstruction. As a result, additional 
neutralization steps are necessary, add-
ing to overall cost and reducing overall 
process efficiency. In future bio-refiner-
ies, depolymerization (saccharifica-
tion) and fermentation processes may 
be consolidated into a single step us-
ing a mixture of organisms in convert-
ing biomass to ethanol. Significant im-
provements in reducing energy inputs, 
enzyme costs, and the number of pro-
cessing steps are highly likely if a total 

systems approach to biofuels produc-
tion is taken.

Applying advances from rapidly devel-
oping areas of science and technology 
such as synthetic biology and high 
throughput functional genomics holds 
out promise for rapidly improving feed-
stocks and the conversion of those 
feedstocks into biofuels. Possible ar-
eas of research that would increase 
biomass production and its conversion 
into fuel are listed in Table 3.�. Cellu-
losic materials such as rice and wheat 
straw, corn stover, and other crop and 
forest residues can serve as sources of 
cellulosic feedstock.

The development of photosynthetic mi-
crobes that produce lipids or hydrocar-
bons also has great potential for biofu-
els production. While plant production 
of useable biomass is unlikely to exceed 
an overall solar conversion efficiency of 
�–2 percent, algae can convert solar 
power at efficiencies in excess of �0 per-
cent. A combination of anaerobic and 
aerobic microbial processes can be sep-
arately optimized so that a fuel precur-
sor can be produced in an anaerobic en-
vironment and the final product in an 
aerobic setting. Efficient algae cultiva-
tion that would take full advantage of 
the high quantum efficiency of these mi-
cro-organisms would, however, require 
capital intensive infrastructure.
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Table 3.6 Research pathways to improved cellulosic biofuels production

Objective Current status Scientific questions Technologies to be used

Feedstock development
Develop high yield, low 
maintenance, sustainable 
energy crops.

Most biomass feedstocks are 
unimproved plants. Modern 
breeding and molecular 
engineering methods should 
be able to greatly improve 
biomass yield, disease and 
drought resistance, and other 
desired traits.
 

Which genes control 
the various aspects of 
polysaccharide composition 
and synthesis? 
Can useful modifications to 
cell- wall composition be made 
by modifying the activities of 
these genes?

High-throughput functional 
genomics to identify 
functions of all carbohydrate-
active proteins in 
representative plant species. 
Genes that confer drought 
resistance can be identified. 
Engineer plants to contain 
the nitrogen fixation genes 
to accept nitrogen-fixing 
symbionts. 

Engineer crops to facilitate 
the breakdown of ligno-
cellulose into simple sugars

The presence of large 
amounts of lignin greatly 
impedes the hydrolysis of 
polysaccharides. Removal 
of lignin requires energy 
intensive and harsh 
pretreatments such as steam 
explosion or hydrolysis with 
hot acid

Lignin is needed to confer 
structural integrity to plants. 
Can the ratio and composition 
of various lignins be altered to 
produce robust plants that can 
easily be broken down so that 
most of the polysaccharides 
can be accessible to hydrolysis? 

Altering the ratios of guiacyl 
and syringyl lignin has been 
shown to greatly improve 
hydrolysis efficiency. 
Modification of existing 
lignins for improved plant 
deconstruction (e.g., lignin 
designed with cleavable 
linkages) should be possible.

Deconstruction
Develop highly efficient 
feedstock pretreatment 
methods.

Current pretreatment 
methods, such as 
steam explosion, hot 
acid hydrolysis, thermo 
hydrolysis, are expensive and 
energy intensive. 

Are there less harsh 
pretreatment processes that 
can increase the surface area 
binding sites for enzymatic 
depolymerization and are 
more compatible with the 
enzymes or microbes to be 
used? 

Employ high throughput, 
micro-system testing of 
pretreatment combinations 
with lignin-modified 
transgenic plants. Use 
modeling of different 
physical and chemical 
processes to optimize the 
pretreatment method. 

Identify more 
efficient enzymes for 
depolymerization.

The efficiency and cost of the 
enzymes is a major cost in 
the production of cellulose-
based ethanol. 

Can we significantly improve 
the enzymatic activity with 
decreased product inhibition?

Employ more systematic, 
high throughput searches 
for better enzymes. Improve 
newly discovered enzymes 
with mutagenesis and 
directed evolution methods. 

Develop microbial 
communities for ligno-
cellulose degradation.

Microbial communities 
and their role in biomass 
decomposition is poorly 
understood.

Can self-sustaining microbial 
communities be used in 
lignocellulose deconstruction?

There exist many unexplored 
microbial communities that 
can be screened for compost 
degradation, metagenomic 
sequencing, characterization, 
and cultivation. These 
microbial communities can 
serve as a new source of 
lignocellulolytic enzymes 

table continues on next page
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Fuels synthesis
Improve ethanol production. Existing microorganisms are 

incompatible with current 
pretreaments.

Can we develop fermentation 
organisms that can tolerate 
low pH or other processing 
conditions? 

Use genomics, 
metagenomics and synthetic 
biology to engineer tolerance 
to treatment conditions not 
found in nature.

Current organisms are 
not compatible with high 
levels (greater than 15%) of 
ethanol production. 

Can we understand and 
improve an organism’s 
tolerance to the fuels it 
produces?

Apply systems and synthetic 
biology to engineer tolerance. 
Develop continuous fuel 
extraction methods to limit 
fuel concentration in the 
fermenting medium

Develop microorganisms 
to produce improved 
transportation fuels. 

Ethanol production via 
fermentation is based on a 
5,000-year old technology. 

Butanol and heavier 
hydrocarbon (diesel-like) 
fuels have higher energy 
density and efficiency, and do 
not absorb or mix in water. 
Can organisms be developed to 
produce these more desirable 
transportation fuels?

A challenge of synthetic 
biology to create micro-
organisms that can 
efficiently produce a heavier 
hydrocarbon transportation 
fuel that will self-separate 
from its aqueous 
environment.

continued table 3.6

countries at present has carbon mitigation costs in the range between 
US$60–400 per ton of carbon dioxide equivalent if upstream energy and 
chemical inputs are accounted for. Fertilizer use to grow biomass feed-
stocks, for example, can produce emissions of nitrous oxide, an extremely 
potent greenhouse gas—thereby offsetting some of the climate benefits 
associated with avoided petroleum use. Similarly, converting biomass to 
liquid fuels requires energy and—depending on the conversion efficiency 
of the process and the energy sources used—can also produce significant 
offsetting emissions. Improving the performance of biomass fuels from a 
climate mitigation perspective therefore depends on reducing these 
inputs. 

Toward that objective, significant R&D efforts are now being focused on 
the development of commercially viable methods for producing ethanol 
from cellulosic feedstocks, which could substantially reduce costs and 
enhance associated greenhouse gas reductions. Interest is also growing in 
the development of integrated systems that would allow for the co-produc-
tion of energy feedstocks with other agricultural outputs as a means of 
achieving significant cost savings and environmental benefits. For exam-
ple, biodiesel production may make sense only if it uses seeds that are 
non-edible (by both humans and animals) as a feedstock or if it can be 
coupled with the cultivation of animal food. 
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Other potentially promising examples of integrated systems involve 
gasification processes that could allow for the co-production of multiple 
valuable outputs, including electricity, liquid transportation fuels, and 
chemicals. Gasification technology can be used with multiple feedstocks, 
including energy crops, animal waste, and a wide range of organic materi-
als, as well as coal and other carbonaceous fuels. In general, the process 
involves producing a synthesis gas (composed primarily of carbon monox-
ide and hydrogen) from any carbon- and hydrogen-containing material; 
the synthesis gas can then be used to drive highly efficient turbines and as 
a feedstock for manufacturing a variety of synthetic chemicals or fuels. 
Small-scale gasification technology may eventually emerge as a promising 
option for improving energy access in isolated regions. Meanwhile, the 
most important use of locally available biomass residues may be in combi-
nation with modern combustion technologies as a replacement for diesel 
oil, which is now commonly used in old and inefficient diesel engines. 
Potential technologies for directly converting biomass for these purposes 
include thermal-chemical and catalysis processes.

Today’s biotechnology industry is beginning to look beyond established 
production processes to more advanced options such as ethanol hydrolysis 
and fermentation, biodiesel enzymes, higher carbon fixation in roots, and 
improved oil recovery (Somerville, 2005). Advances in genetic engineering 
have already allowed for the development of disease-resistant strains and 
for crops that are viable in environments (such as degraded lands) that 
were previously considered unsuitable for cultivation, as well as for crops 
with reduced requirements in terms of chemical inputs and water. New 
cutting-edge technologies under development include lignocellullosic 
bioprocessing techniques that would allow for the co-production of fuels 
and chemicals in ‘bio-refineries’ and genetic modifications to biomass 
feedstocks to facilitate the application of process technologies that could 
achieve 70–90 percent energy conversion efficiencies (Box 3.2).

In summary: Biomass 
The biomass industry is market driven and will pursue productivity 
improvements accordingly. Private actors will also want to remove trading 
barriers—both tariff-related and technical—to the wider use of their prod-
ucts. More sophisticated markets, public pressure, international agree-
ments, and tighter environmental controls are forcing biofuels producers 
to develop socially and environmentally sound practices that reduce water 
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and chemical requirements, preserve ecosystems, reduce greenhouse gas 
and conventional pollutant emissions, and generate high-quality jobs. 
Nevertheless, subsidies and other incentives may be necessary to advance 
biomass technologies in the early stages. Such subsidies should be 
progressively removed as biomass-energy industries move up the learning 
curve. Brazil’s successful effort to develop sugarcane ethanol as an alterna-
tive transportation fuel, which is today fully competitive with gasoline in 
international markets, provides a useful paradigm in this regard.

At the same time, enthusiam for biomass alternatives to petroleum-
based transportation fuels must be tempered: government inducements 
and mandates to promote energy independence should not overly distort 
market forces that moderate the competition between biofuels, food 
production, and other land-uses—nor should they jump ahead of the tech-
nology needed to achieve large-scale biofuels production in an environ-
mentally sustainable and economically sensible manner. 

3.5 Summary points
The world is not about to run out of energy: coal reserves alone would be 
adequate to support hundreds of years of consumption at current rates, 
while the theoretical potential of renewable resources is virtually limitless. 
The constraints we face are fundamentally environmental and economic: 
can we come up with new energy supplies that do not incur unacceptable 
climate or other risks, at a price, in the quantity, and in the timeframe 
needed to meet growing global demand?

Without some unforeseeable, fundamental energy-technology break-
through, no single energy supply option provides a ‘silver bullet’ solu-
tion for the world’s energy woes. The path to sustainability will surely 
involve—along with a heavy emphasis on energy efficiency and demand-
side options—a diverse portfolio of supply resources. This does not 
mean that all supply options should be pursued with equal vigor. The 
world’s resources are finite and choices will need to be made. Scientists 
can make a unique contribution in the selection of R&D priorities, 
which should be based on economics, scalability, technological promise, 
and other factors. 
Future choices regarding final energy carriers—such as electricity or 
hydrogen—will have important implications for the mix of primary 
energy sources used to meet global energy needs.
At present, global and regional supply-security and price concerns are 
most relevant for conventional oil and, to a lesser extent, natural gas. 
Given the finite nature of conventional oil reserves in particular, and the 

•

•

•
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uneven geographical distribution of these resources, oil- and gas-related 
energy-security concerns will continue to be a high priority for many 
governments over the next several decades. Assuring access to natural 
gas will be a significant issue given the importance of natural gas as a 
‘bridge’ fuel in the transition to a less carbon-intensive portfolio of 
energy resources. Meanwhile, to address oil security concerns it will be 
vital to develop alternatives to conventional oil, especially in the trans-
port sector, that are compatible with other sustainability objectives. At 
the same time, it is worth pointing out that governments have been 
known to guess wrong. Poorly designed incentives and mandates can 
produce significant unintended consequences and undesirable market 
distortions. 
Given ample global supplies and relatively low cost, coal is likely to be an 
important part of the energy picture for some time to come. Therefore 
great urgency must be given to developing and commercializing tech-
nologies—such as carbon capture and sequestration—that would allow 
for the continued use of coal in a manner that does not pose unaccepta-
ble environmental risks. 
Nuclear technology could make an important contribution to future low-
carbon energy supplies, but significant new investments in nuclear 
power are unlikely without substantial government support; more effec-
tive international collaboration on safety, waste, and proliferation 
concerns; changes in public perception; and the imposition of green-
house gas constraints that would make low- or non-carbon technologies 
more cost-competitive with conventional fossil technologies. A transpar-
ent and scientifically driven re-examination of the issues surrounding 
nuclear power and their potential solutions is needed.
Earth’s untapped renewable energy potential is enormous and widely 
distributed in industrialized and developing countries alike. In many 
settings, exploiting this potential offers unique opportunities to advance 
both environmental and economic development objectives. Dramatic 
cost declines, strong growth in many renewable energy industries, and 
new policy commitments are promising. For example, the European 
Union has recently adopted the target of meeting 20 percent of overall 
energy needs by 2020 using renewable resources. Nevertheless, signifi-
cant technological and market hurdles remain and must be overcome 
for renewable energy to play a significantly larger role in the world’s 
energy mix.

•

•

•
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�. The role of government and the 
contribution of science and technology

The current structure of market incentives and regulatory conditions in 
much of the world will not, by itself, produce sustainable outcomes or 
socially optimal investment decisions. Alternatives to today’s dominant 
technologies may exist, but there is no certainty that they will be deployed 
on the scale and in the timeframe necessary to avoid some of the most 
troubling consequences of the world’s current energy trajectory. 

The energy picture will surely change—but, without policy intervention 
and technological innovation, not necessarily for the better. If the aim is to 
simultaneously address climate-change risks, improve energy security, and 
expand access to modern energy services for the world’s poor—while at 
the same time improving environmental quality and protecting public 
health—governments will need to act now and technology will need to 
improve.

This chapter discusses the role of government and the contribution of 
science and technology (S&T) in initiating and sustaining a broad-based 
transformation of the world’s energy systems. Certainly, government—
with its ability to influence markets, technology, and behavior through 
policies and regulations—has a critical role to play. Judicious policy inter-
ventions, far from interfering with the proper functioning of markets, may 
be necessary to address pervasive market failures and to ensure that 
private incentives align with societal imperatives to produce economically 
and environmentally sustainable outcomes. Experience has shown that 
purely free market economies seldom deal adequately with macroeco-
nomic or international problems (such as water and air pollution or open 
sea fishing) that exhibit ‘tragedy of the commons’ characteristics. At the 
same time, the process of technological innovation to develop new energy 
options for the next generation and beyond must also accelerate. Public 
and private sector investments in energy research, development, and 
demonstration (RD&D) have been inadequate to the world’s energy chal-
lenges for some time now and this will have to change as soon as possible. 
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At the same time, a more widespread deployment of existing technologies 
should be pushed by governments even earlier. 

At their best, government policy and technology RD&D interact in 
complementary and mutually reinforcing ways. Well-designed policies and 
regulations can generate a market pull for technologies that are already 
developed and close to commercialization. At the same time, concerted 
public and private investments in energy RD&D can push the process of 
innovation, expanding the menu of technology options that will be avail-
able in the future. Related policies—with respect to educating the public, 
issuing patents, and developing human capital by nurturing a new genera-
tion of professionals and scientist with energy expertise—also have a criti-
cal role to play. Several recent reports argue that the combination of pull 
and push mechanisms is likely to be more effective than either approach 
alone (NCEP, 2004; CBO, 2006). 

This chapter also reviews, in general terms, some of the policy levers 
available to government for advancing sustainable energy objectives, as 
well as the role of science and technology and some near-term RD&D 
priorities. At the outset, it is worth remembering that while interest in 
reducing greenhouse gas emissions per se is relatively new, the history of 
energy policy and of energy RD&D around the world is rich with experi-
ence. Many nations have, at one time or other, sought to advance indige-
nous fuel sources, reduce conventional energy-related pollutant emissions, 
develop new technology options, or make energy more widely available. A 
wide variety of strategies to advance these and other energy-related objec-
tives have been employed, with varying degrees of success. On the one 
hand, bad energy planning and poorly designed price controls and subsi-
dies, at a rate of more than US$200 billion per year, have distorted 
markets, produced unintended consequences, and in some cases led to 
artificial shortages (UNDP, UNDESA, and WEC, 2004). Similarly, the fact 
that large sums of public money have been expended on technology 
programs that have yielded, at best, disappointing results points to the 
need for improved management of future research & development (R&D) 
efforts, which should be subjected to continual expert cost/benefit analy-
sis, and to the importance of pursuing the end-goal of shifting technology 
investments to the private sector. 

On the other hand, the record of accomplishment is also impressive. 
Rural electrification programs have given hundreds of millions more 
people access to modern energy services. Many countries have successfully 
nurtured new energy industries, and environmental laws and standards 
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have prompted the development of radically cleaner and more efficient 
technologies. Around the world, the amount of energy used and pollution 
generated to produce a dollar of wealth has declined steadily, even as qual-
ity of life and access to energy amenities has improved for large segments 
(though by no means all) of the world’s population. 

4.1 Policy options
Governments have many options for advancing a sustainable energy 
agenda. Table 4.1 provides a basic taxonomy of policy approaches, along 
with numerous specific examples: it is intended to suggest the breadth and 
variety of strategies that are available and is by no means exhaustive. 
Importantly, most of the policy options noted in the table could be applied 
to promote solutions on both the supply and the end-use side of the energy 
equation. Within the broad category of ‘carrots’ are policies that rely on 
positive incentives to stimulate desired activities or technologies; examples 
include grants, loan guarantees, subsidies, or information and technical 
assistance programs. Efforts to raise public awareness, provide training 
(especially to energy professionals), and educate building designers and 
architects can also help to advance a sustainable energy agenda. Public 
infrastructure investments, while they do not exactly constitute an incen-
tive, are included here because such investments can help overcome 
economic or technical obstacles that would otherwise impede the adoption 
of new technologies. For example, efficient, long-distance electricity trans-
mission systems can open new markets for renewable energy resources 
while sophisticated metering networks could help homeowners and busi-
nesses manage their energy consumption more efficiently. 

Policies that create positive incentives tend to be politically popular (or at 
least relatively uncontroversial) but usually require government to expend 
revenues, often with uncertain results. Like nearly all policy options, they 
impose opportunity costs on society (in the sense that the money spent 
could be put to other uses). But because those costs are diffuse and borne 
by taxpayers, they are often, in a political sense, hidden. The effectiveness 
of voluntary, incentive-based or information-based programs depends on 
the scale of the resources that are brought to bear and on how efficiently 
those resources are deployed: targeting social spending so that it achieves 
maximum public benefits at lowest cost is often a significant challenge. 
Subsidies, for example, can be quite effective in accelerating the adoption 
of certain technologies. But subsidies can also be inefficient (to the extent 
that they benefit households or industries that do not need them) and diffi-
cult to remove, unless an eventual phase-out is part of the policy from the 
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Table 4.1 Policy options for promoting a transition to a sustainable energy future
Incentives: ‘Carrots’
Financial incentives
• tax credits
• subsidies
• grants, other direct funding
• loan guarantees
• procurement policies
• feed-in tariffs

Non-financial incentives
• publicly-funded RD&D
• infrastructure investments
• education/information/labeling
• technical assistance 
• award/recognition programs
• grid access

Advantages

• Potentially useful to 
advance ‘cutting-edge’ 
technologies.

• Often politically popular.
• Can be targeted to 

overcome particular 
market obstacles 
or promote specific 
technologies.

Disadvantages

• Require government to 
spend money.

• Spending may be politically 
influenced and not always 
cost-effective (e.g., 
subsidies continue even 
when no longer needed).

• Results are difficult to 
predict. They tend to 
be biased toward well-
understood options.

Advantages

• Provide means to address 
other market failures/
barriers.

• Usually politically popular.
• May have a variety of 

spillover benefits.
• Can help address 

competitiveness concerns.

Disadvantages

• Difficult to target RD&D, 
infrastructure investments.

• Institutional and technical 
capacity required to 
develop and deliver 
programs.

• Benefits/impacts may be 
limited, especially without 
complementary financial 
incentives.

Disincentives: ‘Sticks’

Market-based policies
• energy or emissions taxes
• emissions cap-and-trade programs

Prescriptive regulations
• emissions standards
• efficiency standards
• portfolio standards

Advantages

• Can be applied economy-
wide.

• Markets deliver least 
costly reductions.

• Individual firms, 
consumers retain choice, 
flexibility.

• Generate revenues that 
can be used for other 
purposes.

• Consistent price signals 
yield economically 
rational outcomes across 
all covered sectors.

• Can be designed to meet 
specific objectives in 
terms of cost, emissions 
reductions, etc.

Disadvantages

• May generate strong 
political opposition 
because they raise prices.

• Energy-price impacts 
on poor households will 
be a concern (though 
should note that revenues 
generated by policy can be 
used to address this issue).

• May raise concerns about 
impacts on domestic 
industry in terms of jobs 
and competitiveness in 
world markets.

• Price signals may be 
inadequate to overcome 
other market failures 
or stimulate new 
technologies.

Advantages

• Effective where price 
signals alone would not 
elicit all cost-effective 
responses (e.g., car, 
building, appliance 
markets). 

• Policy outcomes are 
relatively certain (though 
costs may not be).

• Many manufacturers, 
industries already subject 
to some regulation.

• Costs are less evident, 
potentially reducing 
political opposition.

• No action needed on part 
of consumer.

Disadvantages

• Usually do not encourage 
or reward better than 
minimal compliance.

• Require technical and 
institutional capacity 
to develop, enforce 
standards.

• Different policies needed 
for different sectors. 

• Defining cost-effectiveness 
is uncertain and often 
contentious, especially if 
regulators have to project 
future tech development.

• Less flexible and 
(potentially) more costly 
than market-based 
approaches.

• Policies need to be 
updated over time.
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outset. Also, subsidies that are too large discourage innovation to lower 
costs and can freeze development

One issue that has not been solved is how to more closely couple capital 
investments in energy-efficient commercial and residential building 
budgets with savings that would be accrued in operation and maintenance 
costs. In industrialized countries, additional investments are seldom made 
unless the pay-back time is less than one to two years; and in developing 
countries, the initial cost dominates virtually all investment decisions. If 
the payback time on energy efficiency investments were extended to 6–10 
years, the building industry would be transformed. Regulations such as 
energy-efficient building codes are a partial solution; access to low-cost 
capital targeted for energy-efficiency investments in both new construction 
and in building retrofits is also needed. 

Governments also have the option of deploying policy ‘sticks’ to compel 
changes in technology and behavior. This category of approaches can 
achieve desired results more expeditiously and more efficiently (that is, at 
lower net social cost), and typically does not involve large outlays from the 
public treasury. Some options, like fuel taxes, actually generate revenues. 
Removing subsidies to conventional energy sources or ensuring that 
energy prices reflect external costs and benefits can also produce effective 
results by shifting the market incentives for different technologies. (The 
failure to include externalities in market prices by itself often constitutes a 
form of subsidy for entrenched technologies.) Not surprisingly, however, 
policies that are perceived as raising prices are also more likely to confront 
organized political resistance from affected interests and to give rise to 
concerns about the potential for regressive impacts on poor households 
and for adverse effects on industry competitiveness. Many of these 
concerns can be ameliorated by careful policy design, but it will also be 
critically important to educate the public and foster greater awareness of 
the energy-sustainability challenge so as to build political support for diffi-
cult policy choices. 

Policymakers should also recognize that energy markets are extremely 
volatile, and hence quite sensitive to supply disruptions and/or manipula-
tion. A significant number of energy technology investments initiated 
during the spike in oil prices that began in the mid-1970s were wiped out 
when the cost of oil dropped to US$20 per barrel in 1980s and remained 
at that level for most of the 1990s (Figure 4.1). The private sector is less 
likely to make long-term investments in new energy technologies if there 
is a real possibility that the price of oil will again decline from current 
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levels of US$60–70 per barrel to below US$30 per barrel. Indeed, existing 
stakeholders in a given industry have sometimes sought to protect their 
economic interests against a threatening new technology by dropping the 
price of their product before the infant competition can advance too far 
down the learning curve.

Science and technology policies are not individually identified as distinct 
options in Table 4.1, though nearly all of the examples listed could be used 
to directly or indirectly spur the development and deployment of more 
sustainable energy technologies. Clearly, public support for research and 
development (included under policy ‘carrots’ in Table 4.1) is among the 
most important tools available to government for influencing future 
energy developments. Because of its importance and complementarity 
with other policy options, however, publicly funded research and develop-
ment (R&D) is included with a broader discussion of the role of science 
and technology in the second half of this chapter. 

4.2 Policy choices in context
The best mix of strategies for promoting sustainable energy objectives will 
vary depending on a given country’s policy priorities; its financial, institu-
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tional, and technical capacities; its political and regulatory traditions and 
market structure; and other factors. For many wealthy, industrialized 
countries, the chief objective will be to maximize cost-effective, energy-effi-
ciency improvements; accelerate the adoption of low- and non-carbon tech-
nologies; and address energy-security concerns (especially related to 
dependence on oil and natural gas and nuclear non-proliferation). Policies 
well-suited to advancing these objectives are likely to include standards, 
environmental regulations, and market-based programs (such as a carbon 
tax or emissions-trading program. 

The situation for developing countries, by contrast, is likely to be compli-
cated by additional imperatives and constraints. To the extent that some 
sectors of the economy and segments of the population consume energy 
in much the same way as in industrialized countries, developing countries 
may share similar objectives—and confront similar opportunities—in 
terms of addressing energy-related environmental externalities and 
energy-security concerns. For this reason, policies aimed at promoting 
alternative fuels, low-carbon technologies, or improved efficiency are 
needed as urgently in developing countries as in industrialized countries. 

In these situations, pricing or other policies can be used to promote 
investments in energy efficiency and alternative technologies. Where price 
signals are used to discourage consumption and/or produce more sustain-
able technology choices, it may be necessary to ameliorate potentially 
regressive impacts on lower-income households; this can often be accom-
plished using a variety of policy mechanisms. At the same time, other poli-
cies—such as appliance and equipment standards—can help to ensure 
that, as developing economies industrialize, they ‘leapfrog’ to cleaner, 
more efficient technologies. Countries that are rapidly expanding their 
stock of buildings, infrastructure, and capital assets have a unique oppor-
tunity to ‘build in’ improved energy performance at lower cost and with 
greater long-term benefits than would be possible if energy and environ-
mental liabilities are addressed only as an afterthought. 

The list of available policy options is long and lends itself to virtually 
endless variations, as indicated in Table 4.1. Most of these options have 
strengths and disadvantages. And it is unlikely that a single policy will 
achieve all desired objectives. A policy designed to create a consistent, 
economy-wide price signals for reducing greenhouse gas emissions (such 
as a carbon tax or cap-and-trade program) may not be sufficient to ensure 
that all cost-effective efficiency opportunities are captured or to overcome 
barriers to entry for new technologies. Complementary policies (such as 
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vehicle and appliance efficiency standards) may be appropriate. Subsidies 
or tax credits used to stimulate innovation should be invoked with built-in 
‘sunset’ clauses. 

 Often, thoughtful policy design can overcome some of the drawbacks of 
a particular approach, producing hybrid strategies that combine the best 
features from multiple options. A portfolio standard can be used to require 
that a specific percentage of electricity production is derived from renew-
able or non-carbon resources while still allowing the market to sort out 
what mix of those resources would meet that requirement most cost-effec-
tively. Similarly, innovative mechanisms such as a ‘reverse auction’—in 
which providers of clean energy bid for a share of some available limited-
term incentive pool based on the minimum subsidy required to success-
fully compete in the market—can help to maximize the benefits achieved 
using scarce public resources. In addition, trading or averaging can be 
used to implement an efficiency standard while incorporating some of the 
flexibility and cost-reduction benefits associated with market-based 
programs. 

Individual countries will, of course, need to evaluate their options and 
their priorities and decide on a mix of approaches that suit their specific 
circumstances. Even as different countries pursue different approaches, 
however, it is likely that significant benefits can be achieved by maximizing 
coordination and information-sharing, where feasible. For example, 
manufacturers that sell products all over the world may benefit from 
harmonized efficiency or emissions standards while certain economic 
sectors, such as marine shipping and aviation, may be most effectively 
regulated at an international level. Similarly, the ability to trade well-
defined and reliably-documented emission-reduction credits across 
national boundaries could allow for significant cost reductions in reducing 
global greenhouse gas emissions while providing an important mecha-
nism for facilitating technology transfer to poorer nations.

An important related question arises: how can companies be encouraged in 
rich countries to share advanced technologies—both end-use and supply technol-
ogies—with developing countries? Businesses are not charities and requiring 
them to share intellectual property at below ‘market value’ will discourage 
investment in the development of new technologies. On the other hand, 
without subsidizing the cost, superior technology alternatives may go 
unused in such countries as China and India. It would therefore be useful 
to explore options for providing low-cost access to intellectual property 
related to sustainable energy technologies and practices. For example, it 
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might be possible to devise a mechanism for compensating intellectual-
property holders from an international fund established by wealthier coun-
tries.

4.3 The importance of market signals
Although few specific policy recommendations can be ventured at an 
international level, certain policies are likely to have widespread applicabil-
ity. Efficiency standards and building codes have been implemented cost-
effectively in many industrialized countries. The knowledge gained there 
can be emulated and improved upon to help moderate energy demand 
growth in rapidly industrializing economies. Subsidies that distort energy 
markets, particularly when they do so in ways that favor increased fossil-
fuel consumption, should be reduced and reformed; instead energy prices 
should reflect, to the maximum extent feasible, environmental and other 
externalities. 

The point is critical: without market incentives to prompt different 
behaviors and investment decisions, policies that focus solely or primarily 
on voluntary reductions in greenhouse gas emissions and technology R&D 
are unlikely to promote change on a scale commensurate with the environ-
mental challenge at hand. Opinions vary as to the level of price signals that 
are warranted, but many experts believe that a price on the order of 
US$100–150 per ton of carbon equivalent emissions (in other widely used 
units, US$27–41 per ton of carbon dioxide equivalent emissions) may be 
necessary to overcome current cost differentials for many low- and non-
carbon technologies and to stimulate the large-scale changes that will be 
required to eventually stabilize atmospheric concentrations of greenhouse 
gases. The two policy options that are most frequently proposed to address 
climate concerns are energy or carbon taxes and cap-and-trade programs; 
important features of each approach are discussed in Box 4.1. 

It is important here to emphasize, however, that establishing in every 
market that there eventually will be an emissions price—in the range of 
US$100–150 per avoided metric ton of carbon equivalent (US$27–41 per 
ton of carbon dioxide equivalent)—is more important than establishing 
exactly the number of years in which such a transition will occur. For many 
countries, pragmatic considerations are likely to argue for a phased and 
multi-pronged approach, wherein an initial carbon price signal is gradu-
ally increased over time and complemented by other policies to address 
remaining market barriers and accelerate the commercialization of more 
efficient, lower-carbon technologies. Complementary policies, such as 
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Box 4.1 Reducing emissions: Taxes vs. cap-and-trade programs

Carbon taxes and cap-and-trade pro-
grams are the two market-based regula-
tory options most often advanced for 
limiting greenhouse gas emissions. 
Both options are well-suited to situa-
tions where there are a large number 
and variety of emissions sources that 
must be regulated and where the oppor-
tunities for mitigation are similarly di-
verse and characterized by a wide range 
of costs. Indeed, the salient argument 
in favor of either approach is precisely 
that they rely on market forces to pro-
duce emissions reductions at the low-
est marginal cost and without relying on 
policymakers to identify the optimal set 
of technology pathways. 

The carbon tax recommended by neo-
classical theory is one that accurately re-
flects the environmental damage or ‘ex-
ternality ’ associated with each ton of 
emissions and that therefore produces 
the socially optimal level of emissions. 
That is, society as a whole will spend 
only as much to reduce emissions as 
those reductions are worth in terms of 
avoided damages. A carbon tax would 
have the effect of raising prices on fossil 
fuels in proportion to their carbon con-
tent and—assuming properly function-
ing markets—should stimulate users of 
fossil fuels to reduce their consumption 
wherever it is cheaper to do so than to 
pay tax.a The cost of a tax policy is trans-
parent and known in advance. What is 
not known in advance is how much 
emissions abatement will occur in re-
sponse since this depends on the cost 
and magnitude of mitigation opportuni-
ties available throughout the economy. 
Another noteworthy feature of a carbon 
tax is that it generates revenues for the 
government that could be used for oth-
er socially productive purposes.

Monetizing the environmental damag-
es associated with carbon emissions is 
a necessary, albeit difficult, first step. 
Even where this is done, however, there 
is abundant evidence to suggest that 
markets will respond only imperfectly to 
a carbon price signal. For reasons dis-
cussed in Chapter 3, cost-effective ener-
gy-efficiency opportunities are routinely 
overlooked by large corporations and 
individual consumers alike, and new 
technologies often face barriers to entry 
that are not strictly a function of cost. 
Carbon or energy taxes have proved po-
litically unpalatable in some countries—
notably the United States—though they 
have been accepted more readily else-
where.

A carbon cap-and-trade system func-
tions, in many ways, like a tax. The re-
cent experience of the European Union, 
which has created a market for carbon 
with values in the realm of US$�00 per 
ton through a cap-and-trade-type pro-
gram for large industrial emitters of car-
bon dioxide, provides a useful, real-
world example of how this approach 
can work in practice. In principle, the 
mechanism is simple: government re-
quires that each ton of emissions be ac-
companied by a permit and then con-
strains the quantity of permits available 
to emitters. As with a tax, this approach 
effectively raises the price of fossil fuels 
and—provided permits can be freely 
traded—stimulates the lowest cost 
emissions reductions. In addition, 
some cap-and-trade programs provide 
for ‘offset credits ’ to stimulate mitiga-
tion activities in sectors not covered by 
the cap. Companies will use permits 
only when the cost of doing so is lower 
than the cost of avoiding emissions. 
Like a tax, a cap-and-trade program can 

generate revenues if government choos-
es to auction permits, although past 
programs of this type have typically allo-
cated most permits for free to regulated 
entities.b 

The key difference between the two ap-
proaches is that, under a tax, costs are 
known but final emissions are not. By 
contrast, under a cap-and-trade pro-
gram, final emissions are known (as-
suming requirements are enforced, they 
are determined by the cap) and costs 
are uncertain. In theory, a tax could be 
adjusted to achieve a desired emissions 
goal. Similarly, it is possible to design a 
cap-and-trade system that improves 
price certainty by building in a ‘safety 
valve ’—essentially a promise that gov-
ernment will sell additional permits and 
allow emissions to rise above the cap if 
the market price of permits exceeds a 
certain threshold. The latter approach 
may be attractive in situations where 
political considerations favor a cap-and-
trade approach but there are also signif-
icant concerns about cost and competi-
tiveness. 

 a Additional provisions might be necessary 
under a tax-based system to recognize emis-
sions avoided by carbon capture and seques-
tration. A tax rebate, for example, might be 
used to accommodate this form of mitiga-
tion.
b Giving permits for free to regulated entities 
may seem to ‘mask ’ the cost impacts of a 
cap-and-trade program, but in practice both 
policies will raise energy prices and generate 
revenues. In a cap-and-trade program with a 
free allocation those revenues simply go to 
the recipients of permits, rather than to the 
public treasury. 

appliance and building standards and air pollution control requirements, 
can likewise be introduced slowly but inexorably. By making resistance 
from entrenched stakeholders begin to appear futile, this approach can 
effectively stimulate innovation and reduce transition costs. In sum, given 
that the world’s energy infrastructure includes many long-lived, capital-
intensive assets, it would be extremely expensive and probably infeasible to 
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transform that infrastructure overnight. But for precisely the same reason, 
policies that allow for continued expansion of carbon-intensive energy 
systems are also unwise and—as climate-related policies are introduced—
will also prove costly. Thus, the process of initiating change must begin 
soon. 

4.4 The role of science and technology
Over the past 150 years, progress in science and technology has been a key 
driver of human and societal development, vastly expanding the horizons 
of human potential and enabling radical transformations in the quality of 
life enjoyed by millions of people. The harnessing of modern sources of 
energy counts among the major accomplishments of past scientific and 
technological progress. And expanding access to modern forms of energy 
is itself essential to create the conditions for further progress. All available 
forecasts point to continued rapid growth in global demand for energy to 
fuel economic growth and meet the needs of a still-expanding world popu-
lation. In this context, few questions are more urgent than how can science 
and technology can be enlisted to meet the challenge of long-term energy sustain-
ability?

As a starting point for exploring that question, it is useful to distinguish 
between several generally accepted phases of technological evolution, 
beginning with basic scientific research and followed by development and 
demonstration, RD&D. When all goes well, RD&D is followed by a ‘third 
D’—the deployment phase— wherein demonstrated technologies cross 
the threshold to commercial viability and gain acceptance in the market-
place. Typically, government’s role is most pronounced in the early research 
and development phases of this progression while the private sector plays a 
larger role in the demonstration and deployment phases. Nevertheless, 
government can also make an important contribution in the demonstra-
tion and early deployment phases, for example, by funding demonstration 
projects, providing financial incentives to overcome early deployment 
hurdles, and helping to create a market for new technologies through 
purchasing and other policies. 

The remainder of this section focuses on the pre-deployment phases 
when issues of science and technology are most central. Nevertheless it is 
worth emphasizing that the deployment/commercialization step is crucial, 
and that it generates much information and insight that can benefit the 
R&D focused on in the early steps, in a process of refinement and adoption 
that is fundamentally iterative. Many demonstrated technologies encoun-
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ter significant market hurdles as they approach the deployment phase; for 
some—hybrid vehicles, hydrogen as a transport fuel, solar energy, coal-
based integrated gasification combined cycle (IGCC), and fuel cells— cost 
rather than technological feasibility becomes the central issue. Established 
private-sector stakeholders can be expected to resist, or even actively 
undermine, the deployment of new technologies, thus necessitating addi-
tional policy interventions. 

Most of the energy technologies that are now in some phase of the 
RD&D process have something in common: either by themselves or in 
combination with each other, they hold significant promise for reducing 
carbon dioxide emissions (Table 4.2). New technology that promotes end-
use efficiency (in buildings and appliances, vehicles, and processes) prob-
ably offers the most cost-effective opportunities, relative to technology on 
the supply side. Within the large set of supply options noted in Table 4.2, 
the use of biofuels in the transport sector may offer the most leverage, at 
least within the next ten to twenty years, while—in a somewhat longer 
timeframe—carbon capture and storage may play a major role. But these 
changes will occur within the next several decades only if decisive, initial 
action is undertaken at a global level within the next five to ten years. 
Further RD&D in third-and fourth-generation nuclear reactors can help 
diversify the world’s future low-carbon energy portfolio, but only if solid, 
enforceable worldwide agreements can be reached on non-proliferation 
and on the disposal/storage of spent nuclear fuel. Further RD&D attention 
should also be focused on improving the efficiency and reducing the cost 
of energy conversion and storage technologies, including fuel cells, 
conventional batteries, and compressed air.

It should be emphasized that Table 4.2 lists only some of the promising 
RD&D opportunities that exist on the end-use side of the energy equation. 
With further technology investments, significant advances could be 
achieved in the efficiency of key energy-using devices, such as vehicles, 
appliances, and equipment, as well as in larger energy systems, such as 
cities, transportation systems, industrial processes, and whole buildings.
The requisite technologies are still in a basic research phase in some 
promising areas, including:

efficiently extracting useful energy from the lignocellulosic part of 
biomass,
increasing biomass yields by boosting photosynthetic water and nutrient 
efficiencies through genetic engineering,
applying nanotechnology and/or using new materials to improve the 
energy conversion efficiency of photovoltaic devices, and
developing solid-state storage options for hydrogen.

•

•

•

•
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Table 4.2 Energy R&D opportunities

Technologies R&D Demonstration
Transport sector
Hybrid vehicle
Hydrogen fuel cell vehicle
Fuel – ethanol (cellulosic)
Fuel – Hydrogen
Industry sector
Materials production process
Materials/product efficiency
Feedstock substitution
Carbon dioxide capture and storage
Buildings and appliances sector
Heating and cooling technologies
Building energy management systems
Lighting systems
Reduce stand-by losses
Building envelope measures
Solar heating and cooling
Power generation sector
Biomass
Geothermal
Wind (onshore and offshore)
Solar photovoltaics
Concentrating solar power
Ocean energy
Advanced steam cycles (coal)
Integrated gasification combined cycle (coal)
Fuel cells
Carbon capture and storage + Advanced steam 

cycle with flue-gas separation (coal)
Carbon capture and storage + Advanced steam  

cycle with oxyfueling (coal)
Carbon capture and storage + Integrated  

gasification combined cycle (coal)
Carbon capture and storage + Chemical absorption 

flue-gas separation (natural gas)
Nuclear – Generation II and III

Nuclear – Generation IV

 indicate significant opportunities and needs. 

 Indicate that the technology under scrutiny would benefit from further R&D and/or demonstration.

Source: IEA, 200�.
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Other technologies require more applied research or further development, 
including scale-up to a working, experimental laboratory model. The tran-
sition to demonstration, which is the prerequisite for eventual deploy-
ment, is critical and often gets insufficient attention from those who are or 
have been engaged in funding the R&D phase. 

In sum, the world’s S&T community has a central role to play in 
enabling the transition to sustainable energy systems. At least two condi-
tions however must be met:

Funding (both public and private) for energy RD&D must be sufficient. 
RD&D efforts must be effectively targeted and internationally coordinated 
to address both the supply and demand sides of the energy equation.

With regard to the first condition, it should be noted that global average 
public and private expenditures on energy R&D have declined over the last 
two decades, with a tendency to level off over the last decade, whereas total 
average public expenditures on all forms of R&D increased over the same 
time period (Kammen and Nemet, 2005; Nature, 2006). Figure 4.2 shows 
total public energy R&D expenditures by IEA member countries, and 
compares them to the global price of oil (in U.S. dollar per barrel) over the 
period 1974–2004. In 2005, total R&D expenditures (on the same 
purchasing power parity basis and adjusted for inflation to the value of the 
U.S. dollar in the year 2000) amounted to US$726 billion for OECD coun-
tries and US$155 billion for non-OECD countries. Governments’ shares in 
these expenditures were 30 percent and 40 percent, respectively; hence 
total public R&D expenditures amounted to US$280 billion (OECD, 
2006a). At approximately US$9 billion,62 the share of these expenditures 
specifically directed to energy technologies accounts for a mere 3.2 percent 
of all public R&D funding. 

The development of a diverse portfolio of sustainable energy technolo-
gies will require a sizeable boost—on the order of a doubling—in world-
wide public investments in energy R&D. Such an increase in energy R&D 
funding should occur within the next five years and will most likely need 
to be sustained for at least several decades, if not longer. At the same time, 
governments must promote the expansion of private-sector investments in 
long-term energy R&D. Industry can bring crucial expertise and insights 
to the RD&D process (especially since deployment usually occurs through 
the private sector), as well as resources greater than those available to 
governments once the deployment stage has been reached. Government 

6� This number excludes expenditures for basic research but includes funding of demonstra-
tion projects.

•
•
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policies—such as a cap-and-trade program for limiting emissions or a 
carbon tax—would be hugely instrumental in creating incentives for the 
private sector to increase its RD&D investments. Thus, for example, a 
policy designed to expand the contribution from new renewable, carbon-
neutral energy sources will force ‘traditional’ energy companies to rethink 
their future product portfolio and marketing strategies. 

Continued policy uncertainty makes it difficult for energy companies to 
develop mid- and long-term business strategies. During the often 
protracted period required to formulate a comprehensive new policy, 
governments can reduce this uncertainty by adopting legislation that 
awards early action in the right direction while penalizing further activities 
that are counterproductive to achieving sustainability objectives.

Figure �.2 Public energy R&D expenditures in IEA countries and real oil price �9��–200�

Note: Total R&D budget includes conservation, fossil fuels, nuclear fussion, nuclear 
fission, renewable energy, power and storage technologies, amd other technology and 
research.

Sources: IEA, 2005; and OECD, 200�b
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Increased public funding for energy RD&D can come from a variety of 
sources. In many industrialized and large developing countries, much 
could be accomplished by refocusing or redirecting funds that are already 
in the national budget.63 Additional funds could be obtained by rationaliz-
ing existing subsidy programs and/or by raising new revenues through 
energy consumption or pollution taxes (usually of the excise type) or by 
auctioning permits-to-emit under an emissions trading program. 

Success depends, of course, not only on funding but on well-managed 
programs. Given that the scale of the challenge is likely to continue to 
exceed the public resources made available to address it, energy RD&D 
efforts around the world must be thoughtfully focused and aimed at 
answering concrete questions and solving defined problems. Energy 
RD&D should also be coordinated internationally and conducted in a 
framework of collaboration—both between countries and between the 
public and private sectors—to avoid unnecessary duplication and ineffi-
cient use of funds. International efforts to promote coordination and 
collaboration should thoroughly involve developing countries, not least to 
help them leapfrog to more advanced energy technologies and systems. 
Implicitly, this requires concerted efforts to facilitate technology transfer. 
The scientific community can play a moderating role in the often thorny 
debate about how best to accomplish this; developing countries, in turn, 
should create the right conditions for technology transfer. 

 The stakes are very high. Bringing the combined energies and expertise 
of the world’s S&T community to bear on finding solutions is essential and 
will likely demand new international institutions or mechanisms to better 
leverage and harmonize global efforts. 

4.5 The role of policy and technology in a developing country 
context
More than 2 billion people in developing countries lack access to either (or 
both) clean cooking and heating fuels and electricity. It is estimated that 
roughly 1.5 million people die each year due to respiratory illness and 
carbon-monoxide poisoning caused by indoor air pollution associated with 
the use of solid fuels such as twigs, dung, and brown coal for cooking. 
Access to modern energy services would also have a profound impact on 
other critical aspects of human development and quality of life for the 

6� A public energy RD&D investment of US$�0 billion per year would amount to an annual 
contribution of approximately US$�7 per person in the United States and the European 
Union combined.
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world’s poorest citizens, including access to clean drinking water, irriga-
tion, pollution-free indoor lighting, education, and communications.

Few priorities are therefore more important—both to the governments 
of developing countries and in terms of fulfilling international commit-
ments to broadly held development goals—than expanding access to 
modern energy services and ensuring that developing nations have the 
energy infrastructure needed to sustain economic growth and raise living 
standards for their poorest citizens. Here policy and technology clearly 
have critical roles to play, especially in helping developing nations transi-
tion directly to cleaner and more efficient energy options. Just as it has 
been possible for many countries to go directly to cellular phones without 
having to lay telephone cables, it is becoming possible for many rural areas 
to be electrified using mini-grids or completely distributed systems with-
out having to wait for expensive grid extensions. Technology innovation 
can also produce promising synergies for developing country applications. 
For example, efforts to develop liquid transport fuels from lignocellulosic 
biomass have driven research on enzymes and new, self-sustaining, micro-
bial approaches that could eventually improve the performance of low-cost 
biogas digesters useful in rural areas of tropical developing countries. 
Moreover, development of such enzymes can be pursued not only in 
industrialized countries but in leading developing country laboratories as 
well.

Successfully transferring technology innovations from the prosperous to 
the poor presents its own, often formidable, challenges. The rural areas of 
many developing countries are littered with the remnants of energy 
demonstration projects that have failed—creating veritable technology 
graveyards. This is not the place to apportion blame or to list causes for 
these failures. Suffice it to say that researchers working on the develop-
ment of sustainable energy technologies must avoid the tendency to 
understate costs, or belittle potential practical problems with the technolo-
gies they promote. Instead it will be critical to build on successes and learn 
from experience with past development projects. This, in turn, requires 
independent assessment or tracking of project performance with subse-
quent dissemination of results. Developing countries themselves must not 
be viewed as bystanders in this process. Though assistance from industri-
alized countries—especially in the form of financial resources but also to 
facilitate the sharing of intellectual property and technical expertise—is 
critical, developing countries must assume responsibility for effective tech-
nology transfer and poverty alleviation if the needs of the poor are to be 
met. 
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Human and institutional capacity building is also a critical issue in 
many developing country contexts. Research has shown that technology 
transfer is more successful and innovation is more likely to occur when 
host institutions have the requisite technical and managerial skills to 
manage new energy systems. Without those skills, new technologies often 
fail to deliver expected services. Capacity building is needed within the 
companies that produce, market, install, and maintain sustainable energy 
technologies and within the communities that will manage and operate 
those technologies. The latter need can be met by establishing regional 
institutes to provide training in basic technology management skills. Such 
institutes could also help to provide independent assessments of alterna-
tive technologies and policy choices, and explore strategies for overcoming 
barriers inhibiting the large-scale implementation of sustainable energy 
technologies. 

Yet another issue is financing. In the recent past, governments usually 
relied on cross-subsidies (charging higher prices to one set of customers to 
reduce costs for another set of customers) to extend electricity or telecom-
munications services to remote areas. More recently cross-subsidies have 
fallen out of favor, in part because there is a limit to how much one class of 
consumers can be charged to bring service to another class of customers 
(especially when some high-use energy customers have the option to 
switch to other power sources or to off-grid generators). Many govern-
ments, however, continue to directly subsidize electricity sales to farmers, 
often because it is easier than providing direct income support. Often, 
electricity charges are flat, un-metered, and decoupled from actual 
consumption. This can produce a number of undesirable outcomes: when 
pumping costs are low, for example, farmers tend to over-use or ineffi-
ciently use water. Because of limits to cross-subsidization between 
customer classes and the growing financial burden of direct subsidies, 
new approaches will be needed to further grid expansions to rural areas in 
a number of developing countries. 

More broadly, subsidies can be an effective mechanism for overcoming 
deployment hurdles for new technologies or to advance other societal 
goals. When subsidies are used to support already entrenched or unsus-
tainable technologies, however, they produce a number of undesirable 
effects. Some of the generic problems with conventional-energy subsi-
dies—which remain in widespread use around the world—are discussed 
in more detail in Box 4.2.

 Given the resource constraints faced by many developing countries, 
there is an urgent need for greater international support for sustainable 
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Box 4.2 Energy subsidies

Table 4.3 Cost of energy subsidies by source, 1995-1998 (US$ billion/year)

Although subsidies on fossil fuels have 
been declining over the last decade or 
so, they are pervasive and remain widely 
used around the world. On a global ba-
sis, fossil-fuel subsidies still amount to 
several hundreds of billions of U.S. dol-
lars in industrialized and (to a lesser ex-
tent) developing countries (Table �.3). 

While cumulative funds expended on 
energy subsidies are often less than 
the revenues collected through taxes 
on other fossil fuels, such as petrol 
(gasoline), subsidies for established 
sources of energy lead to at least the 
following two problems:
• The common feature of all subsidies 
is that they distort market signals and 
influence consumer and producer be-
havior.
• Subsidies for conventional fuel often 
have the effect of further tilting the 
playing field against energy efficiency 
and cleaner sources.

Subsidies are addictive, and those who 
benefit from them do not easily acqui-
esce in their cessation without some 
other inducement. Commitments to 
eliminate or reduce subsidies may be 

adopted but they are notoriously diffi-
cult to implement for politicians who 
have to renew their mandates periodi-
cally. Moreover, as noted earlier in this 
chapter, failure to include environmen-
tal, energy security, and other externali-
ties in market prices itself constitutes a 
form of subsidy that is common to 
conventional fuels in many countries. 
(Another example of this form of subsi-
dy is the Price-Anderson Act in the 
United States, which indemnifies the 
nuclear industry against liability claims 
arising from accidents at civilian nucle-
ar power plants).

Direct fuel subsidies rarely go to the 
most needy, as in the case of many cur-
rent subsidies for diesel and kerosene. 
Governments should seek to eliminate 
or phase out subsidies that no longer 
serve the public interest. Conventional 
sources of energy, in particular, should 
at least be sold at the cost of produc-
tion and ideally at a cost that also re-
flects associated environmental and 
other externalities. Where unsubsi-
dized prices would impose excessive 
burdens on the poor, these burdens 
should be cushioned with direct in-

come supports. Again, such recom-
mendations are easy to make, but hard-
er to implement. Since they lack reli-
able implementation mechanisms to 
transfer resources to the truly needy, 
many governments prefer to mask 
transfer payments by using subsidies 
over which they have some control. 
There is an urgent need for experimen-
tation in such transfer mechanisms. 
This is a challenge both for the re-
search community and for the NGO 
community.

In most countries, subsidies on some 
fuels, taxes on other fuels, and some 
public support for renewables co-exist 
in varying degrees. It is well known that 
‘incentives ’ are required to motivate 
the private sector to invest in providing 
services to the often remote and un-
derdeveloped areas where the poor re-
side. Wherever absolute poverty pre-
vails, there is a long history of applying 
intelligently designed subsidies, which 
are targeted, simple, competitive, and 
time-limited. This can often be accom-
plished, at least in part, by shifting cur-
rent subsidies for fossil fuel use to sus-
tainable energy systems.

 Source: UNDP, UNDESA, and WEC, 200�.

US$ billion per year

OECD countries
Non-OECD 
countries

Total

Coal
Oil
Gas

30
19
8

23
33
38

53
52
46

All fossil fuels 57 94 151
Electricity
Nuclear
Renewable and end-use
Non-payments and bailout(b)

Total
Per capita (US$)

(a)

16
9
0

82
88

48
unknown
unknown

20
162
35

48
16
9

20
244
44

(a) Subsidies for electricity in OECD countries are included in fossil fuel subsidies, by 
energy source.
(b) Subsidies from non-payments and bail out operations are not included in data by 
energy source.
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energy projects. As the Policy Report at the World Summit on Sustainable 
Development concluded, ‘The scale and magnitude of tasks involved in 
progressing towards the objective and goals of energy for sustainable 
development are so enormous that, in addition to national efforts, interna-
tional, regional, and sub-regional co-operation are of critical importance’ 
(WSSD, 2002). There is also an urgent need to ensure that future efforts 
in this direction are well-designed, thoughtfully implemented, and focused 
on technologies that are appropriate to the situation in which they are 
being deployed.64 

Realistically, industrialized countries will have to provide much of the 
investment needed to move new energy technologies up the learning curve 
and bring down their marginal costs, in parallel with their phased deploy-
ment, before those technologies can be used in developing countries. 
Meanwhile, substantial opportunities exist to facilitate the transfer of 
sustainable technologies that are already cost-effective, especially in more 
remote and currently underserved areas, using innovative program 
designs and financing mechanisms. An example of one such successful 
program, involving the dissemination of small solar photovoltaic home 
systems in Bangladesh, is described in Box 4.3. 

4.6 Summary points
Governments around the world must act now to initiate a transition to 
sustainable energy systems.

Though specific policy choices must take into account each country’s 
unique circumstances, efforts to introduce a market signal for reducing 
carbon emissions, promote investments in improved energy efficiency, 
and reduce or eliminate distorting subsidies (especially for fossil fuel 
consumption), must be broadly undertaken. 
Science and technology have an indispensable role to play in improving 
the sustainable energy options that are available today and in developing 
new options for tomorrow. Given the scale and urgency of the challenge 
at hand, public and private-sector investments in energy technology 
RD&D must be substantially increased (to at least a doubling of current 
levels, if not more) and consistently maintained over the next several 
decades. Putting necessary efforts into R&D does not provide an accept-

64 Many policy options are potentially relevant in developing country contexts: the Global 
Network on Energy for Sustainable Development, for example, has published analyses of 
strategies for reforming the electric power sector and enhancing access to energy services 
(www.gnesd.org). 

•

•

The Grameen experience with 
photovoltaics 
The Grameen Bank of Bangladesh 
(Grameen Shakti), a micro-lending 
agency set up a non-profit subsidiary in 
�99� to administer loans for photo-
voltaic solar home systems to serve 
those without access to electricity. Ini-
tially, Grameen Shakti found many ob-
stacles—long distances, poor transport 
infrastructure, periodically flooded and 
impassable roads, low literacy rates, 
lack of technical skills, transactions 
based on barters―that contributed to 
high transaction costs and difficulty in 
building consumer confidence in their 
product. 
In �998, a Global Environment Facility 
grant through International Finance 
Corporation’s Small and Medium En-
terprises Program enabled Grameen 
Shakti to offer improved credit terms to 
its customers and install thousands of 
systems. They also found that after a 
critical mass of installations in an area 
(around �00 systems), building con-
sumer confidence and demand became 
less time consuming. 
Grameen Shakti now expects to be able 
to draw additional financing for scale-
up activities from commercial banks. 
For more information on Grameen 
Bank, go to www.gshakti.org.  

Box 4.3
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able reason to postpone strong action now to make use of already exist-
ing technologies and to correct existing distortions in the energy market 
place.
Extending access to modern forms of energy for billions of the world’s 
poorest citizens is necessary to meet basic human needs (clean cooking 
fuels and clean water) and to achieve broader development goals (night-
time lighting, communication, economic opportunity). More broadly, 
advancing sustainability objectives in developing countries will require 
policies and technologies that reflect the particular needs and opportuni-
ties of those countries, along with an increased commitment on the part 
of the S&T community to develop and help deploy effective technology 
for the rural and urban poor.
Concerns about affordability, especially in developing countries, should 
be addressed by developing mechanisms that subsidize consumption 
only up to a threshold level adequate to serve basic needs. 
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5. The case for immediate action 

Scientific evidence is overwhelming that current energy trends are unsus-
tainable. Immediate action is required to effect change in the timeframe 
needed to address significant ecological, human health and development, 
and energy security needs. Aggressive changes in policy are thus needed to 
accelerate the deployment of superior technologies. With a combination of 
such policies at the local, national, and international level, it should be 
possible—both technically and economically—to elevate the living condi-
tions of most of humanity, while simultaneously addressing the risks 
posed by climate change and other forms of energy-related environmental 
degradation and reducing the geopolitical tensions and economic vulner-
abilities generated by existing patterns of dependence on predominantly 
fossil-fuel resources. 

This chapter presents nine major conclusions reached by the Study 
Panel, along with actionable recommendations. These conclusions and 
recommendations have been formulated within a holistic approach to the 
transition toward a sustainable energy future. This implies that not a 
single one of them can be successfully pursued without proper attention to 
the others. Prioritization of the recommendations is thus intrinsically diffi-
cult. Nonetheless, the Study Panel believes that, given the dire prospect of 
climate change, the following three recommendations should be acted 
upon without delay and simultaneously:

Concerted efforts should be mounted to improve energy efficiency and 
reduce the carbon intensity of the world economy, including the world-
wide introduction of price signals for carbon emissions, with considera-
tion of different economic and energy systems in individual countries.
Technologies should be developed and deployed for capturing and 
sequestering carbon from fossil fuels, particularly coal.
Development and deployment of renewable energy technologies should 
be accelerated in an environmentally responsible way.
Taking into account the three urgent recommendations above, another 

recommendation stands out by itself as a moral and social imperative and 
should be pursued with all means available:

•

•

•
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The poorest people on this planet should be supplied with basic, modern 
energy services.
Achieving a sustainable energy future requires the participation of all. 

But there is a division of labor in implementing the various recommenda-
tions of this report. The Study Panel has identified the following principal 
‘actors’ that must take responsibility for achieving results:

Multi-national organizations (e.g., United Nations, World Bank, 
Regional Development Banks, etc.) 
Governments (national, regional, and local) 
Science and technology (S&T) community (academia) 
Private sector (businesses, industry, foundations)
Nongovernmental organizations (NGOs)
Media
General public

Conclusions, recommendations, actions
Based on the key points developed in this report, the Study Panel offers 
these conclusions with recommendations and respective actions by the 
principal actors.

•

•

•
•
•
•
•
•

Conclusion 1 

Meeting the basic energy needs of the poorest people on this planet is a moral and  
social imperative that can and must be pursued in concert with sustainability objectives. 

Today an estimated 2.4 billion people use coal, charcoal, firewood, agricul-
tural residues, or dung as their primary cooking fuel. Roughly 1.6 billion 
people worldwide live without electricity. Vast numbers of people, espe-
cially women and girls, are deprived of economic and educational opportu-
nities without access to affordable, basic labor-saving devices or adequate 
lighting, added to the time each day spent gathering fuel and water. The 
indoor air pollution caused by traditional cooking fuels exposes millions of 
families to substantial health risks. Providing modern forms of energy to 
the world’s poor could generate multiple benefits, easing the day-to-day 
struggle to secure basic means of survival; reducing substantial pollution-
related health risks; freeing up scarce capital and human resources; facili-
tating the delivery of essential services, including basic medical care; and 
mitigating local environmental degradation. Receiving increased interna-
tional attention, these linkages were a major focus of the 2002 World 
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Summit for Sustainable Development in Johannesburg, which recognized 
the importance of expanded access to reliable and affordable energy serv-
ices as a prerequisite for achieving the United Nation’s Millennium Devel-
opment Goals.

Recommendations
Place priority on rapidly achieving much greater access of the world’s 
poor to clean, affordable, high-quality fuels and electricity. The challenge 
of expanding access to modern forms of energy revolves primarily 
around issues of social equity and distribution—the fundamental prob-
lem is not one of inadequate global resources, unacceptable environ-
mental damage, or unavailable technologies. Addressing the basic 
energy needs of the world’s poor is clearly central to the larger goal of 
sustainable development and must be a top priority for the international 
community if some dent is to be made in reducing current inequities. 
Formulate policy at all levels, from global to village scale, with greater 
awareness of the substantial inequalities in access to energy services that 
now exist, not only between countries but between populations within 
the same country and even between households within the same town or 
village. In many developing countries, a small elite uses energy in much 
the same way as in the industrialized world, while most of the rest of the 
population relies on traditional, often poor-quality and highly polluting 
forms of energy. In other developing countries, energy consumption by 
a growing middle class is contributing significantly to global energy 
demand growth and is substantially raising national per capita consump-
tion rates, despite little change in the consumption patterns of the very 
poor. The reality that billions of people suffer from limited access to elec-
tricity and clean cooking fuels must not be lost in per capita statistics. 

Needed actions 
Given the international dimension of the problem, multinational organi-
zations like the United Nations and the World Bank should take the initi-
ative to draw up a plan for eliminating the energy poverty of the world’s 
poor. As a first step, governments and NGOs can assist by supplying 
data on the extent of the problem in their countries.
The private sector and the S&T community can help promote the trans-
fer of appropriate technologies. The private sector can, in addition, help 
by making appropriate investments. 
The media should make the general public aware of the enormity of the 
problem.

•

•

•

•

•
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Conclusion 2

Concerted efforts must be made to improve energy efficiency and reduce  
the carbon intensity of the world economy. 

Economic competitiveness, energy security, and environmental considera-
tions all argue for pursuing cost-effective end-use efficiency opportunities. 
Such opportunities may be found throughout industry, transportation, and 
the built environment. To maximize efficiency gains and minimize costs, 
improvements should be incorporated in a holistic manner and from the 
ground up wherever possible, especially where long-lived infrastructure is 
involved. At the same time it will be important to avoid underestimating 
the difficulty of achieving nominal energy efficiency gains, as frequently 
happens when analyses assume that reduced energy use is an end in itself 
rather than an objective regularly traded against other desired attributes. 

Recommendations
Promote the enhanced dissemination of technology improvement and 
innovation between industrialized and developing countries. It will be 
especially important for all nations to work together to ensure that devel-
oping countries adopt cleaner and more efficient technologies as they 
industrialize. 
Align economic incentives—especially for durable capital investments—
with long-run sustainability objectives and cost considerations. Incen-
tives for regulated energy service providers should be structured to 
encourage co-investment in cost-effective efficiency improvements and 
profits should be de-linked from energy sales.
Adopt policies aimed at accelerating the worldwide rate of decline in the 
carbon intensity of the global economy, where carbon intensity is meas-
ured as carbon dioxide equivalent emissions divided by gross world 
product, a crude measure of global well-being. Specifically, the Study 
Panel recommends immediate policy action to introduce meaningful 
price signals for avoided greenhouse gas emissions. Less important than 
the initial prices is that clear expectations be established concerning a 
predictable escalation of those prices over time. Merely holding carbon 
dioxide emissions constant over the next several decades implies that the 
carbon intensity of the world economy needs to decline at roughly the 

•

•

•
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same rate as gross world product grows. Achieving the absolute reduc-
tions in global emissions needed to stabilize atmospheric concentrations 
of greenhouse gases will require the worldwide rate of decline in carbon 
intensity to begin outpacing worldwide economic growth. 
Enlist cities as a major driving force for the rapid implementation of 
practical steps to improve energy efficiency. 
Inform consumers about the energy-use characteristics of products 
through labeling and implement mandatory minimum efficiency stand-
ards for appliances and equipment. Standards should be regularly 
updated and must be effectively enforced.

Needed actions 
Governments, in a dialogue with the private sector and the S&T commu-
nity, should develop and implement (further) policies and regulations 
aimed at achieving greater energy efficiency and lower energy intensity 
for a great variety of processes, services, and products. 
The general public must be made aware, by governments, the media, 
and NGOs, of the meaning and necessity of such policies and regula-
tions. 
The S&T community should step up its efforts to research and develop 
new, low-energy technologies. 
Governments, united in intergovernmental organizations, should agree 
on realistic price signals for carbon emissions, recognizing that the 
economies and energy systems of different countries will result in differ-
ent individual strategies and trajectories, and make these price signals 
key components of further actions on reducing the carbon emissions. 
The private sector and the general public should insist that governments 
issue clear carbon price signals.

•

•

•

•

•

•

•
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Conclusion 3

Technologies for capturing and sequestering carbon from fossil fuels,  
particularly coal, can play a major role in the cost-effective management  
of global carbon dioxide emissions. 

As the world’s most abundant fossil fuel resource, coal will continue to 
play a large role in the world’s energy mix. It is also the most carbon-inten-
sive conventional fuel in use today, generating almost twice as much 
carbon dioxide per unit of energy supplied than natural gas. Today, new 
coal-fired power plants—most of which can be expected to last more than 
half a century—are being constructed at an unprecedented rate. Moreover, 
the carbon contribution from coal could expand further if nations with 
large coal reserves like the United States, China, and India turn to coal to 
address energy security concerns and develop alternatives to petroleum. 

Recommendations
Accelerate the development and deployment of advanced coal technolo-
gies. Without policy interventions the vast majority of the coal-fired 
power plants constructed in the next two decades will be ‘conventional’ 
pulverized coal plants. Present technologies for capturing carbon dioxide 
emissions from pulverized coal plants on a retrofit basis are expensive 
and energy-intensive. Where new coal plants without capture must be 
constructed, the most efficient technologies should be used. In addition, 
priority should be given to minimize the costs of future retrofits for 
carbon capture by developing at least some elements of carbon capture 
technology at every new plant. Active efforts to develop such technolo-
gies for different types of base plants are currently underway and should 
be encouraged by promoting the construction of full-scale plants that 
utilize the latest technology advances.
Aggressively pursue efforts to commercialize carbon capture and stor-
age. Moving forward with full-scale demonstration projects is critical, as 
is continued study and experimentation to reduce costs, improve relia-
bility, and address concerns about leakage, public safety, and other 
issues. For capture and sequestration to be widely implemented it will be 
necessary to develop regulations and to introduce price signals for 
carbon emissions. Based on current cost estimates, the Study Panel 

•

•
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believes price signals on the order of US$100–150 per avoided metric 
ton of carbon equivalent (US$27–41 per ton of carbon dioxide equiva-
lent) will be required to induce the widespread adoption of carbon 
capture and storage. Price signals at this level would also give impetus to 
the accelerated deployment of biomass and other renewable energy tech-
nologies.
Explore potential retrofit technologies for post-combustion carbon 
capture suitable for the large and rapidly growing population of existing 
pulverized coal plants. In the near-term, efficiency improvements and 
advanced pollution control technologies should be applied to existing 
coal plants as a means of mitigating their immediate climate change and 
public health impacts. 
Pursue carbon capture and storage with systems that co-fire coal and 
biomass. This technology combination provides an opportunity to 
achieve net negative greenhouse gas emissions—effectively removing 
carbon dioxide from the atmosphere.

Needed actions 
The private sector and the S&T community should join forces to further 
investigate the possibilities for carbon capture and sequestration and 
develop adequate technologies for demonstration. 
Governments should facilitate the development of these technologies by 
making available funds and opportunities (such as test sites). 
The general public needs to be thoroughly informed about the advan-
tages of carbon sequestration and about the relative manageability of 
associated risks. The media can assist with this.

•

•

•

•

•
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Conclusion 4

Competition for oil and natural gas supplies has the potential to become a 
source of growing geopolitical tension and economic vulnerability for many  
nations in the decades ahead. 

In many developing countries, expenditures for energy imports also divert 
scarce resources from other urgent public health, education, and infra-
structure development needs. The transport sector accounts for just 25 
percent of primary energy consumption worldwide, but the lack of fuel 
diversity in this sector makes transport fuels especially valuable. 

Recommendations
Introduce policies and regulations that promote reduced energy 
consumption in the transport sector by (a) improving the energy effi-
ciency of automobiles and other modes of transport and (b) improving 
the efficiency of transport systems (e.g., through investments in mass 
transit, better land-use and city planning, etc.). 
Develop alternatives to petroleum to meet the energy needs of the trans-
port sector, including biomass fuels, plug-in hybrids, and compressed 
natural gas, as well as—in the longer run—advanced alternatives such as 
hydrogen fuel cells. 
Implement policies to ensure that the development of petroleum alter-
natives is pursued in a manner that is compatible with other sustainabil-
ity objectives. Current methods for liquefying coal and extracting oil 
from unconventional sources like tar sands and shale oil generate 
substantially higher levels of carbon dioxide and other pollutant emis-
sions compared to conventional petroleum consumption. Even with 
carbon capture and sequestration, a liquid fuel derived from coal will at 
best produce emissions of carbon dioxide roughly equivalent to those of 
conventional petroleum at the point of combustion. If carbon emissions 
from the conversion process are not captured and stored, total fuel-cycle 
emissions for this energy pathway as much as double. The conversion of 
natural gas to liquids is less carbon-intensive than coal to liquids, but 
biomass remains the only near-term feedstock that has the potential to 
be truly carbon-neutral and sustainable on a long-term basis. In all cases, 
full fuel-cycle impacts depend critically on the feedstock being used and 
on the specific extraction or conversion methods being employed.

•

•

•
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Needed actions 
Governments should introduce (further) policies and regulations aimed 
at reducing energy consumption and developing petroleum alternatives 
for use in the transport sector. 
The private sector and the S&T community should continue developing 
technologies adequate to that end. 
The general public’s awareness of sustainability issues related to trans-
portation energy use should be significantly increased. Again, the media 
can play an important role in this effort.

•

•

•
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Conclusion 5

As a low-carbon resource, nuclear power can continue to make a significant  
contribution to the world’s energy portfolio in the future, but only if major  
concerns related to capital cost, safety, and weapons proliferation are addressed. 

Nuclear power plants generate no carbon dioxide or conventional air 
pollutant emissions during operation, use a relatively abundant fuel feed-
stock, and involve orders-of-magnitude smaller mass flows, relative to 
fossil fuels. Nuclear’s potential, however, is currently limited by concerns 
related to cost, waste management, proliferation risks, and plant safety 
(including concerns about vulnerability to acts of terrorism and concerns 
about the impact of neutron damage on plant materials in the case of life 
extensions). A sustained role for nuclear power will require addressing 
these hurdles.

Recommendations
Replace the current fleet of aging reactors with plants that incorporate 
improved intrinsic (passive) safety features. 
Address cost issues by pursuing the development of standardized reac-
tor designs.
Understand the impact of long-term aging on nuclear reactor systems (e.
g., neutron damage to materials) and provide for the safe and economic 
decommissioning of existing plants.
Develop safe, retrievable waste management solutions based on dry cask 
storage as longer term disposal options are explored. While long-term 
disposal in stable geological repositories is technically feasible, finding 
socially acceptable pathways to implementing this solution remains a 
significant challenge. 
Address the risk that civilian nuclear materials and knowledge will be 
diverted to weapons applications through continued research on prolif-
eration-resistant uranium enrichment and fuel-recycling capability and 
on safe, fast neutron reactors that can burn down waste generated from 
thermal neutron reactors and through efforts to remedy shortcomings in 
existing international frameworks and governance mechanisms.
Undertake a transparent and objective re-examination of the issues 
surrounding nuclear power and their potential solutions. The results of 
such a re-examination should be used to educate the public and policy-
makers.

•

•

•

•

•

•
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Needed actions 
Given the controversy over the future of nuclear power worldwide, the 
United Nations should commission—as soon as possible—a transparent 
and objective re-examination of the issues that surround nuclear power 
and their potential solutions. It is essential that the general public be 
informed about the outcome of this re-examination. 
The private sector and the S&T community should continue research 
and development efforts targeted at improving reactor safety and devel-
oping safe waste management solutions.
Governments should facilitate the replacement of the current fleet of 
aging reactors with modern, safer plants. Governments and inter-
governmental organizations should enhance their efforts to remedy 
shortcomings in existing international frameworks and governance 
mechanisms. 

•

•

•
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Conclusion 6

Renewable energy in its many forms offers immense opportunities for  
technological progress and innovation. 

Over the next 30–60 years sustained efforts must be directed toward real-
izing these opportunities as part of a comprehensive strategy that supports 
a diversity of resource options over the next century. The fundamental 
challenge for most renewable options involves cost-effectively tapping 
inherently diffuse and in some cases intermittent resources. Sustained, 
long-term support—in various forms—is needed to overcome these 
hurdles. Renewable energy development can provide important benefits in 
underdeveloped and developing countries because oil, gas, and other fuels 
are hard cash commodities. 

Recommendations
Implement policies—including policies that generate price signals for 
avoided carbon emissions—to ensure that the environmental benefits of 
renewable resources relative to non-renewable resources will be system-
atically recognized in the marketplace. 
Provide subsidies and other forms of public support for the early deploy-
ment of new renewable technologies. Subsidies should be targeted to 
promising but not-yet-commercial technologies and decline gradually 
over time.
Explore alternate policy mechanisms to nurture renewable energy tech-
nologies, such as renewable portfolio standards (which set specific goals 
for renewable energy deployment) and ‘reverse auctions’ (in which 
renewable energy developers bid for a share of limited public funds on 
the basis of the minimum subsidy they require on a per kilowatt-hour 
basis).
Invest in research and development on more transformational technolo-
gies, such as new classes of solar cells that can be made with thin-film, 
continuous fabrication processes. (See also biofuels recommendations  
under conclusion 7.) 
Conduct sustained research to assess and mitigate any negative environ-
mental impacts associated with the large-scale deployment of renewable 
energy technologies. Although these technologies offer many environ-
mental benefits, they may also pose new environmental risks as a result 
of their low power density and the consequently large land area required 
for large-scale deployment. 

•

•

•

•

•
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Needed actions 
Governments should substantially facilitate the use—in an environmen-
tally sustainable way—of renewable energy resources through adequate 
policies and subsidies. A major policy step in this direction would 
include implementing clear price signals for avoided greenhouse gas 
emissions. 
Governments should also promote research and development in renew-
able energy technologies by supplying significantly more public fund-
ing. 
The private sector, aided by government subsidies, should seek entrepre-
neurial opportunities in the growing renewable energy market. 
The science and technology community should devote more attention to 
overcoming the cost and technology barriers that currently limit the 
contribution of renewable energy sources. 
NGOs can assist in promoting the use of renewable energy sources in 
developing countries. 
The media can play an essential role in heightening the general public’s 
awareness of issues related to renewable energy.

•

•

•

•

•

•
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Conclusion 7

Biofuels hold great promise for simultaneously addressing 
climate-change and energy-security concerns. 

Improvements in agriculture will allow for food production adequate to 
support a predicted peak world population on the order of 9 billion people 
with excess capacity for growing energy crops. Maximizing the potential 
contribution of biofuels requires commercializing methods for producing 
fuels from lignocellulosic feedstocks (including agricultural residues and 
wastes), which have the potential to generate five to ten times more fuel 
than processes that use starches from feedstocks like sugar cane and corn. 
Recent advances in molecular and systems biology show great promise in 
developing improved feedstocks and much less energy-intensive means of 
converting plant material into liquid fuel. In addition, intrinsically more 
efficient conversion of sunlight, water, and nutrients into chemical energy 
may be possible with microbes.

 Recommendations
Conduct intensive research into the production of biofuels based on 
lignocellulose conversion.
Invest in research and development on direct microbial production of 
butanol or other forms of biofuels that may be superior to ethanol.
Implement strict regulations to insure that the cultivation of biofuels 
feedstocks accords with sustainable agricultural practices and promotes 
biodiversity, habitat protection, and other land management objectives.
Develop advanced bio-refineries that use biomass feedstocks to self-
generate power and extract higher-value co-products. Such refineries 
have the potential to maximize economic and environmental gains from 
the use of biomass resources.
Develop improved biofuels feedstocks through genetic selection and/or 
molecular engineering, including drought resistant and self-fertilizing 
plants that require minimal tillage and fertilizer or chemical inputs. 
Mount a concerted effort to collect and analyze data on current uses of 
biomass by type and technology (both direct and for conversion to other 
fuels), including traditional uses of biomass.
Conduct sustained research to assess and mitigate any adverse environ-
mental or ecosystem impacts associated with the large-scale cultivation 

•

•

•
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of biomass energy feedstocks, including impacts related to competition 
with other land uses (including uses for habitat preservation and food 
production), water needs, etc. 

Needed actions 
The S&T community and the private sector should greatly augment their 
research and development (and deployment) efforts toward more effi-
cient, environmentally sustainable technologies and processes for the 
production of modern biofuels. 
Governments can help by stepping up public research and development 
funding and by adapting existing subsidy and fiscal policies so as to 
favor the use of biofuels over that of fossil fuels, especially in the trans-
port sector. 
Governments should pay appropriate attention to promoting sustainable 
means of biofuels production and to avoiding conflicts between biofuel 
production and food production.

•

•

•
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Conclusion 8

The development of cost-effective energy storage technologies, new energy carriers, 
and improved transmission infrastructure could substantially reduce costs and  
expand the contribution from a variety of energy supply options.

Such technology improvements and infrastructure investments are partic-
ularly important to tap the full potential of intermittent renewable 
resources, especially in cases where some of the most abundant and cost-
effective resource opportunities exist far from load centers. Improved stor-
age technologies, new energy carriers, and enhanced transmission and 
distribution infrastructure will also facilitate the delivery of modern energy 
services to the world’s poor—especially in rural areas. 

Recommendations
Continue long-term research and development into potential new 
energy carriers for the future, such as hydrogen. Hydrogen can be 
directly combusted or used to power a fuel cell and has a variety of poten-
tial applications—including as an energy source for generating electric-
ity or in other stationary applications and as an alternative to petroleum 
fuels for aviation and road transport. Cost and infrastructure constraints, 
however, are likely to delay widespread commercial viability until mid-
century or later.
Develop improved energy storage technologies, either physical (e.g. 
compressed air or elevated water storage) or chemical (e.g. batteries, 
hydrogen, or hydrocarbon fuel produced from the reduction of carbon 
dioxide), that could significantly improve the market prospects of inter-
mittent renewable resources such as wind and solar power.
Pursue continued improvements and cost reductions in technologies for 
transmitting electricity over long distances. High voltage, direct-current 
transmission lines, in particular, could be decisive in making remote 
areas accessible for renewable energy development, improving grid reli-
ability, and maximizing the contribution from a variety of low-carbon 
electricity sources. In addition, it will be important to improve overall 
grid management and performance through the development and appli-
cation of advanced or ‘smart’ grid technologies that could greatly 
enhance the responsiveness and reliability of electricity transmission 
and distribution networks.

•

•

•
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Needed actions 
The S&T community, together with the private sector, should have focus 
on research and development in this area 
Governments can assist by increasing public funding for research and 
development and by facilitating needed infrastructure investments.

•

•
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Conclusion 9

The science and technology community—together with the general public—has 
a critical role to play in advancing sustainable energy solutions and must be  
effectively engaged. 

As noted repeatedly in the foregoing recommendations, the energy chal-
lenges of this century and beyond demand sustained progress in develop-
ing, demonstrating, and deploying new and improved energy technolo-
gies. These advances will need to come from the S&T community, moti-
vated and supported by appropriate policies, incentives, and market driv-
ers. 

Recommendations
Provide increased funding for public investments in sustainable energy 
research and development, along with incentives and market signals to 
promote increased private-sector investments.
Effect greater coordination of technology efforts internationally, along 
with efforts to focus universities and research institutions on the 
sustainability challenge.
Conduct rigorous analysis and scenario development to identify possible 
combinations of energy resources and end-use and supply technologies 
that have the potential to simultaneously address the multiple sustaina-
bility challenges linked to energy.
Stimulate efforts to identify and assess specific changes in institutions, 
regulations, market incentives, and policy that would most effectively 
advance sustainable energy solutions. 
Create an increased focus on specifically energy-relevant awareness, 
education, and training across all professional fields with a role to play in 
the sustainable energy transition.
Initiate concerted efforts to inform and educate the public about impor-
tant aspects of the sustainable energy challenge, such as the connection 
between current patterns of energy production and use and critical envi-
ronmental and security risks.
Begin enhanced data collection efforts to support better decisionmaking 
in important policy areas that are currently characterized by a lack of reli-
able information (large cities in many developing countries, for example, 
lack the basic data needed to plan effectively for transportation needs).

•

•

•
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Needed actions
The S&T community must strive for better international coordination of 
energy research and development efforts, partly in collaboration with the 
private sector. It should seek to articulate a focused, collaborative agenda 
aimed at addressing key obstacles to a sustainable energy future. 
Governments (and inter-governmental organizations) must make more 
public funding available to not only boost the existing contribution from 
the S&T community but also to attract more scientists and engineers to 
working on sustainable energy problems. 
The why and how of energy research and development should be made 
transparent to the general public to build support for the significant and 
sustained investments that will be needed to address long-term sustain-
ability needs. 
The S&T community itself, inter-governmental organizations, govern-
ments, NGOs, the media and—to a lesser extent—the private sector, 
should be actively engaged in educating the public about the need for 
these investments.

Lighting the way
While the current energy outlook is very sobering, the Study Panel believes 
that there are sustainable solutions to the energy problem. Aggressive 
support of energy science and technology must be coupled with incentives 
that accelerate the concurrent development and deployment of innovative 
solutions that can transform the entire landscape of energy demand and 
supply. Opportunities to substitute superior supply-side and end-use tech-
nologies exist throughout the world’s energy systems, but current invest-
ment flows generally do not reflect these opportunities. 

Science and engineering provide guiding principles for the sustainabil-
ity agenda. Science provides the basis for a rational discourse about trade-
offs and risks, for selecting research and development priorities, and for 
identifying new opportunities—openness is one of its dominant values. 
Engineering, through the relentless optimization of the most promising 
technologies, can deliver solutions—learning by doing is among its domi-
nant values. Better results will be achieved if many avenues are explored in 
parallel, if outcomes are evaluated with actual performance measures, if 
results are reported widely and fully, and if strategies are open to revision 
and adaptation. 

•

•

•
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Long-term energy research and development is thus an essential compo-
nent of the pursuit of sustainability. Significant progress can be achieved 
with existing technology but the scale of the long-term challenge will 
demand new solutions. The research community must have the means to 
pursue promising technology pathways that are already in view and some 
that may still be over the horizon.

The transition to sustainable energy systems also requires that market 
incentives be aligned with sustainability objectives. In particular, robust 
price signals for avoided carbon emissions are critical to spur the develop-
ment and deployment of low-carbon energy technologies. Such price 
signals can be phased in gradually, but expectations about how they will 
change over time must be established in advance and communicated 
clearly so that businesses can plan with confidence and optimize their 
long-term capital investments.

Critical to the success of all the tasks ahead are the abilities of individuals 
and institutions to effect changes in energy resources and usage. Capacity 
building, both in terms of investments in individual expertise and institu-
tional effectiveness, must become an urgent priority of all principal actors: 
multi-national organizations, governments, corporations, educational 
institutions, non-profit organizations, and the media. Above all, the 
general public must be provided with sound information about the choices 
ahead and the actions required for achieving a sustainable energy future. 
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Annex B. Acronyms and abbreviations

BTU British thermal unit
CCGT Combined cycle gas turbine
EJ Exajoule
EU European Union
GDP Gross domestic product
GIF Generation IV International Forum
GJ Gigajoule
HID Human Development Index
HVAC Heating, ventilation, and air conditioning
IAC InterAcademy Council
IAEA International Atomic Energy Agency
IEA International Energy Agency
IGCC Integrated gasification combined cycle
IPCC Intergovernmental Panel on Climate Change
kWh Kilowatt-hour
Mtoe Million ton oil equivalent
MWe Megawatt electricity
NGO Nongovernmental organization
OECD Organization for Economic Coordination and Development
PJ Petajoule
PPP Purchasing power parity
PV Photovoltaic
R&D Research and development
RD&D Research, development, and demonstration
S&T Science and technology
TPES Total primary energy supply
TWh Terawatt-hour
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Annex C. Common energy unit conversion 
factors and unit prefixes

Common Energy Unit Conversion Factors

To: Terajoule (TJ) Gigacalorie (Gcal) Megaton oil 
(equiv) (Mtoe)

Million British 
thermal units 
(Mbtu)

Gigawatt-hour 
(GWh)

From: Multiply by:
TJ 1 238.8 2.388 x 10-5 947.8 0.2778
Mtoe 4.1868 x 104 107 1 3.968 x 107 11,630
Mbtu 1.0551 x 10-3 0.252 2.52 x 10-8 1 2.931 x 10-4

GWh 3.6 860 8.6 x 10-5 3,412 1

Source: IEA figures. Additional conversion figures available at http://www.iea.org/stat.htm 

Unit Prefixes

k

M

G

T

P

E

kilo (103)

mega (106)

giga (109)

tera (1012)

peta (1015)

exa (1018)

http://www.iea.org/stat.htm
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