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affect climate change; (2) existing
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AVIATION AND CLIMATE CHANGE

Aircraft Emissions Expected to Grow, but
Technological and Operational Improvements and
Government Policies Can Help Control Emissions

What GAO Found

According to IPCC, aviation currently accounts for about 2 percent of human-
generated global carbon dioxide emissions, the most significant greenhouse
gas—and about 3 percent of the potential warming effect of global emissions
that can affect the earth’s climate, including carbon dioxide. IPCC’s medium-
range estimate forecasts that by 2050 the global aviation industry, including
aircraft emissions, will emit about 3 percent of global carbon dioxide
emissions and about 5 percent of the potential warming effect of all global
human-generated emissions. Gross domestic product growth is the primary
driver in IPCC’s forecasts. IPCC also made other assumptions about future
aircraft fuel efficiency, improvements in air traffic management, and airport
and runway capacity. IPCC’s 2050 forecasts for aviation’s contribution to
global emissions assumed that emissions from other sectors will continue to
grow. If other sectors make progress in reducing emissions and aviation
emissions continue to grow, aviation’s relative contribution may be greater
than IPCC estimated; on the other hand, if other sectors do not make progress,
aviation’s relative contribution may be smaller than estimated.

While airlines currently rely on a range of improvements, such as fuel-efficient
engines, to reduce emissions, some of which may have limited potential to
generate future reductions, experts we surveyed expect a number of additional
technological, operational, and alternative fuel improvements to help reduce
aircraft emissions in the future. However, according to experts we interviewed,
some technologies, such as advanced airframes, have potential, but may be
years away from being available, and developing and adopting them is likely to
be costly. In addition, according to some experts we interviewed, incentives
for industry to research and adopt low-emissions technologies will be
dependent to some extent on the level and stability of fuel prices. Finally, given
expected growth of commercial aviation as forecasted by IPCC, even if many
of these improvements are adopted, it appears unlikely they would greatly
reduce emissions by 2050.

A number of policy options to address aircraft emissions are available to
governments and can be part of broader policies to address emissions from
many sources including aircraft. Market-based measures can establish a price
for emissions and provide incentives to airlines and consumers to reduce
emissions. These measures can be preferable to other options because they
would generally be more economically efficient. Such measures include a cap-
and-trade program, in which government places a limit on emissions from
regulated sources, provides them with allowances for emissions, and
establishes a market for them to trade emissions allowances with one another,
and a tax on emissions. Governments can establish emissions standards for
aircraft or engines. In addition, government could increase government
research and development to encourage development of low-emissions
improvements.
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Many sources, including manufacturing, residential, and transportation
sources, emit greenhouse gases that contribute to the accumulation of
these gases in the earth’s atmosphere. Greenhouse gases disperse and trap
heat in the earth’s atmosphere. This heat-trapping effect, known as the
greenhouse effect, moderates atmospheric and surface temperatures,
keeping the earth warm enough to support life. However, according to the
Intergovernmental Panel on Climate Change (IPCC)—a United Nations
organization that assesses scientific, technical, and economic information
on the effects of climate change—global atmospheric concentrations of
these greenhouse gases have increased markedly as a result of human
activities over the past 200 years, contributing to a warming of the earth’s
climate. These trends, if unchecked, could have serious negative effects,
such as rising sea levels and coastal flooding worldwide.

Aircraft emit a variety of greenhouse and other gases, including carbon
dioxide—the most significant greenhouse gas emitted by aircraft—and
nitrogen oxides, as well as other substances such as soot and water vapor
that are believed to negatively affect the earth’s climate. Airlines have a
financial incentive to reduce carbon dioxide emissions, as those emissions
are a direct result of fuel burn, which represents a large portion of their
operating costs—about 30 percent for U.S. airlines in 2008. Some experts
expect aviation to grow at a fast rate until 2021, when the Federal Aviation
Administration (FAA) forecasts that U.S. domestic commercial aviation
will serve over 1 billion passengers a year. While the current economic
downturn could delay this growth somewhat, experts believe that growth
in the aviation sector means greater productivity and mobility, but is also
likely to increase emissions. To counteract expected increases in
emissions, many governments and international organizations have set
goals for future emissions reductions. For example, a number of
developed countries have set a goal to reduce carbon dioxide emissions by
50 percent by 2050. In addition, the Kyoto Protocol, an international
agreement to minimize the adverse effects of climate change, set binding
targets for the reduction of greenhouse gases for 37 industrialized
countries and the European Economic Community (EEC) to achieve
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during the 2008 through 2012 commitment period.' Although the United
States is a signatory to the Kyoto Protocol, it is not bound by its terms or
emissions target because it has not ratified the Protocol. The Protocol also
requires industrialized nations and the EEC to pursue “limitations or
reduction of emissions of greenhouses gases... from aviation... working
through the International Civil Aviation Organization.”* Finally, some
governments have taken actions designed to control aviation emissions.
For example, in 2003, the European Union (EU) established a cap-and-
trade program known as the EU Emissions Trading Scheme (EU ETS) to
control carbon dioxide emissions from various energy and industrial
sectors. The EU ETS was first implemented in 2005 and was amended in
2008 to include aviation. Beginning in 2012, the ETS will include all
covered flights into or out of an EU airport.’

You asked us to provide information on aviation emissions of greenhouse
gases and other emissions that may affect climate change. To do so, we
identified (1) aviation’s current and estimated future contribution to the
emissions of greenhouse gases and other emissions that may affect climate
change, (2) existing and potential future technological and operational
improvements that the commercial aviation industry can use to reduce
commercial aircraft emissions, and (3) policy options for the U.S.
government and other governments to help reduce commercial aviation
emissions and the potential costs and benefits of each option. You also
asked that we describe the EU’s plans to add the aviation industry to its
existing ETS and the potential legal implications of doing so. (See app. I
for this description.) To address these objectives, we reviewed studies on
the impact of aviation on climate change. We also collaborated with the
National Academy of Sciences to identify and recruit experts with
experience in climate change and the aviation industry. We interviewed 18
such experts (see app. II for a list of the experts). After these interviews,

"Kyoto Protocol to the United Nations Framework Convention on Climate Change
(hereinafter the Kyoto Protocol). The Kyoto Protocol was adopted in December 1997 and
was open for signature between Mar. 16, 1998, and Mar. 15, 1999. As of Jan. 14, 2009, 183
countries and the EEC had ratified the Kyoto Protocol. The binding emissions targets
varies by country and is generally higher for more highly developed countries. For instance,
the EEC has agreed to reduce their aggregate emissions by 8 percent from 1990 emissions
levels.

*Kyoto Protocol, art. 2(2).

*This would also include those airports in non-EU countries currently participating in the
EU ETS—Norway, Iceland, and Liechtenstein. See app. I for further explanation of the EU
ETS.
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Background

we asked the experts to complete a survey in which they assessed a list of
options to reduce emissions on a variety of predetermined factors, such as
potential for emissions reductions and costs (see app. III for complete
results). In addition, we spoke with government, airline, and interest group
officials in the United States, the EU, and the United Kingdom, focusing on
commercial aviation. (See app. IV for a more detailed description of our
scope and methodology.) We conducted our work from March 2008
through June 2009 in accordance with generally accepted government
auditing standards. Those standards require that we plan and perform the
audit to obtain sufficient, appropriate evidence to provide a reasonable
basis for our findings and conclusions based on our audit objectives. We
believe that the evidence obtained provides a reasonable basis for our
findings and conclusions based on our audit objectives.

Emissions from a variety of human-generated sources, including
commercial aircraft, trap heat in the atmosphere and contribute to climate
change. During flight operations, aircraft emit a number of greenhouse gas
and other emissions, including carbon dioxide, nitrogen oxides (NOx),
soot, and water vapor. Figure 1 shows the primary emissions from
commercial aircraft. Carbon dioxide emissions from aircraft are a direct
result of fuel burn. For every gallon of jet fuel burned, about 21 pounds of
carbon dioxide are emitted. Reducing the amount of fuel burned,
therefore, also reduces the amount of carbon dioxide emitted. Water vapor
emissions and certain atmospheric temperature and humidity conditions
can lead to the formation of contrails, a cloudlike trail of condensed water
vapor, and can induce the creation of cirrus clouds. Both contrails and
cirrus clouds are believed to have a warming effect on the earth’s
atmosphere. Aircraft also emit other pollutants that affect local air quality.
Finally, airport operations are sources of greenhouse gas and other
emissions, which we are not examining in this report.
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Figure 1: Selected Greenhouse Gas and Other Emissions from Aircraft at Cruising
Altitude
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Source: GAO.

Historically, the commercial aviation industry has grown substantially in
the United States and worldwide and is a contributor to economic growth.
Between 1981 and 2008, passenger traffic increased 226 percent in the
United States on a revenue passenger mile basis and 257 percent globally
on a revenue passenger kilometer basis.* According to the FAA, in 2006
the civil aviation industry in the United States directly and indirectly
contributed 11 million jobs and 5.6 percent of total gross domestic product
(GDP) to the U.S. economy. Globally, the International Air Transport
Association estimated that in 2007 the aviation industry had a global
economic impact of over $3.5 trillion, equivalent to about 7.5 percent of
worldwide GDP. Recently, however, the airline industry has experienced
declining traffic and financial losses as the result of the current recession.

The fuel efficiency of commercial jet aircraft has improved over time.
According to IPCC, aircraft today are about 70 percent more fuel efficient
on a per passenger kilometer basis than they were 40 years ago because of
improvements in engines and airframe design.” The cost of jet fuel is a
large cost for airlines. In the 2008, when global fuel prices were high, jet
fuel accounted for about 30 percent of U.S. airlines’ total operating
expenses, compared with 23 percent during 2007. Fuel efficiency
(measured by available seat-miles per gallon consumed) for U.S. carriers
increased about 17 percent between 1990 and 2008, as shown in figure 2.
Internationally, according to the International Air Transport Association,

*Fuel consumption of U.S.-based airlines roughly doubled during that same period.

5However, some aircraft available in the 1950s were about equally as fuel efficient as jets
currently available today.
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fuel efficiency (measured by revenue passenger kilometers) improved 16.5
percent between 2001 and 2007. According to FAA, between 2000 and
early 2008 U.S. airlines reduced fuel burn and emissions while transporting
more passengers and cargo.

. ______________________________________________________________________________________________________________________|
Figure 2: Total Fuel Consumption and Fuel Efficiency of U.S. Airlines
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In addition, commercial aviation has become less energy intensive over
time—that is, to transport a single passenger a single mile uses less energy
than it previously did, measured in British thermal units. See figure 3
showing energy intensity over time of aviation and other modes of
transportation.
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. _____________________________________________________________________________________________________________________|
Figure 3: Energy use per Passenger-mile, by Mode of Transportation
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However, despite these efficiency improvements, overall fuel burn and
emissions of U.S. airlines are expected to grow in the future. FAA
forecasts that between 2008 and 2025 fuel consumption of U.S.-based
airlines will increase an average of 1.6 percent per year while revenue
passenger miles will increase an average of 3.1 percent per year over the
same period. As seen in figure 4, FAA forecasts that between 2008 and
2025 fuel consumption of U.S.-based airlines will increase an average of
1.6 percent per year.
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Figure 4: Forecasted Fuel Consumption by U.S. Airlines
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To develop a better understanding of the effects of human-induced climate
change and identify options for adaptation® and mitigation,” two United
Nations organizations established IPCC in 1988 to assess scientific,
technical, and socio-economic information on the effects of climate
change. IPCC releases and periodically updates estimates of future
greenhouse gas emissions from human activities under different economic
development scenarios. In 1999, IPCC released its report, Aviation and the
Global Atmosphere, conducted at the request of the International Civil
Aviation Organization (ICAO)—a United Nations organization that aims
to promote the establishment of international civilian aviation standards
and recommended practices and procedures. In 2007, IPCC released an

6According to IPCC, adaptation is an adjustment that occurs in response to expected or
actual climatic stimuli or effects in order to moderate damages or exploit beneficial
opportunities.

"IPCC defines mitigation as technological change and substitution that reduce resource
inputs, such as energy use, and emissions per unit of output. Although several social,
economic, and technological policies would produce an emissions reduction, with respect
to climate change, mitigation means implementing policies to reduce greenhouse gas
emissions.
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update on emissions from transportation and other sectors called the
Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. These reports were developed with input from over 300 experts
worldwide and are internationally accepted and used for policy-making.

A variety of federal agencies have roles in addressing aviation emissions.
In 2004, FAA and other organizations including the National Aeronautics
and Space Administration (NASA) released a report, Aviation and the
Environment: A National Vision Statement, Framework for Goals and
Recommended Actions, through the collaborative PARTNER program,®
stating a general goal to reduce overall levels of emissions from
commercial aviation and proposing actions to deal with aviation
emissions. FAA also is involved in a number of emissions-reduction
initiatives—including work on low-emissions technologies and low-carbon
alternative fuels; the implementation of a new air traffic management
system, the Next Generation Air Transportation System (NextGen);’ and
climate research to better understand the impact of emissions from
aviation. NASA has been involved in research that has led to the
development of technologies that reduce aircraft emissions. Currently,
NASA’s Subsonic Fixed-Wing project, part of its Fundamental Aeronautics
program, aims to help develop technologies to reduce fuel burn, noise, and
emissions in the future. Both FAA and NASA are involved in the Aviation
Climate Change Research Initiative, whose goals include improving the
scientific understanding of aviation’s impact on climate change. Also, as
mandated under Title II of the Clean Air Act, the Environmental Protection
Agency (EPA) promulgates certain emissions standards for aircraft and
aircraft engines” and has adopted emission standards matching those for
aircraft set by ICAO." While neither ICAO nor EPA has established
standards for aircraft engine emissions of carbon dioxide, ICAO is

The PARTNER program—the Partnership for AiR Transportation Noise and Emissions
Reduction—is a cooperative research organization sponsored by FAA, NASA, and
Transport Canada, with members including universities and other organizations with
expertise.

'NextGen is a new, satellite-based air traffic management system that is expected to
increase the safety and enhance the capacity of the air transport system. NextGen will
transform the current radar-based air traffic control system.

42 U.8.C. § 7571.

"However, EPA has the authority to set emissions standards. As the technical agency with
responsibility for international civil aviation in the United States, FAA, in consultation with
EPA, works with representatives of other ICAO member countries to formulate the
standards.
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currently discussing proposals for carbon dioxide emissions standards and
considering a global goal for fuel efficiency.” In addition, in 2007 a
coalition of environmental interest groups filed a petition with EPA asking
the agency, pursuant to the Clean Air Act, to make a finding that
“sreenhouse gas emissions from aircraft engines may be reasonably
anticipated to endanger the public health and welfare” and, after making
this endangerment finding, promulgate regulations for greenhouse gas
emissions from aircraft engines."”

International concerns about the contribution of human activities to global
climate change have led to several efforts to reduce their impact. In 1992,
the United Nations Framework Convention on Climate Change
(UNFCCC)—a multilateral treaty whose objective is to stabilize
greenhouse gas concentrations in the atmosphere at a level that would
prevent dangerous human interference with the climate system—was
signed." By 1995, the parties to the UNFCCC, including the United States,
realized that progress toward this goal was not sufficient. In December
1997, the parties reconvened in Kyoto, Japan, to adopt binding measures
to reduce greenhouse gas emissions. Under the resulting Kyoto Protocol,
which the United States has not ratified, industrialized nations committed
to reduce or limit their emissions of carbon dioxide and other greenhouse
gases during the 2008 through 2012 commitment period."” The Protocol

“In addition, H.R. 2454, the American Clean Energy and Security Act of 2009, § 221(b),
111th Cong. (2009), would require EPA to issue standards for greenhouse gas emissions
from new aircraft and new engines used in aircraft by Dec. 31, 2012.

In addition, in 2007, the Supreme Court ruled that greenhouse gases meet the Clean Air
Act’s definition of an air pollutant and that EPA has the statutory authority to regulate
greenhouse gas emissions from new motor vehicles under the Act. Massachusetts v.
Environmental Protection Agency, 549 U.S. 497 (2007). As a result of the opinion, EPA
must take one of three actions: 1) issue a finding that greenhouse gas emissions cause or
contribute to air pollution that may endanger public heath or welfare; 2) issue a finding that
greenhouse gases do not endanger public health or welfare; or 3) provide a reasonable
explanation as to why it cannot or will not exercise its discretion to issue a finding. In
response to this case, EPA issued an Advance Notice of Proposed Rulemaking, “Regulating
Greenhouse Gas Emissions Under the Clean Air Act,” 73 Fed. Reg. 44354 (July 30, 2008).
EPA subsequently issued a proposed finding that carbon dioxide, methane, nitrous oxide,
and hydrofluorocarbon emissions from new motor vehicles are contributing to air pollution
which is endangering public health and welfare. 74 Fed. Reg. 18886 (Apr. 24, 2009). EPA is
moving forward with the proposed finding while it develops proposed standards for
regulating greenhouse gas emissions from motor vehicles.

“To date, 192 countries have ratified the UNFCCC.

"The emissions reduction goal varies by country and is generally higher for more highly
developed countries. Some European countries, for example, agreed to reduce emissions
by 8 percent compared to 1990 levels.
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Aviation Emissions
Represent a Small but
Growing Share of All
Emissions

directed the industrialized nations to work through ICAO to reduce or
limit emissions from aviation, but international aviation emissions are not
explicitly included in Kyoto’s targets. In 2004, ICAO endorsed the further
development of an open emissions trading system for international
aviation, and in 2007 called for mutual agreement between contracting
states before implementation of an emissions trading scheme. In part to
meet its Kyoto Protocol requirements, the EU implemented its ETS in
2005, which sets a cap on carbon dioxide emissions and allows regulated
entities to buy and sell emissions allowances with one another. In 2008,
the European Parliament and the Council of the European Union passed a
directive, or law, to include aviation in the ETS. Under the directive,
beginning in 2012 a cap will be placed on total carbon dioxide emissions
from all covered flights by aircraft operators into or out of an EU airport."
Many stakeholders and countries have stated objections to the EU’s plans
and legal challenges are possible. (See app. I for a discussion of the ETS’s
inclusion of aviation.) In December 2009, the parties to the UNFCCC will
convene in Copenhagen, Denmark, to discuss and negotiate a post-Kyoto
framework for addressing global climate change.

IPCC estimates that aviation emissions currently account for about 2
percent of global human-generated carbon dioxide emissions and about 3
percent of the radiative forcing' of all global human-generated emissions
(including carbon dioxide) that contribute to climate change. On the basis
of available data and assumptions about future conditions, IPCC
forecasted emissions to 2015 and forecasted three scenarios—low,
medium, and high—for growth in global aviation carbon dioxide emissions
from 2015 to 2050. These scenarios are driven primarily by assumption
about economic growth—the factor most closely linked historically to the
aviation industry’s growth—Dbut they also reflect other aviation-related
assumptions. Because IPCC’s forecasts depend in large part on
assumptions, they, like all forecasts, are inherently uncertain.
Nevertheless, as previously noted, IPCC’s work reflects the input of over

!In addition to the current 27 EU member states, other European countries not part of the
EU, such as Norway, Iceland, and Liechtenstein, participate in the ETS. These airports are
included in the amended ETS.

"Radiative forcing is a measure for the change of the Earth’s energy balance due to a
change in concentrations of greenhouse gases and other emissions that contribute to
climate change.
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300 leading and contributing authors and experts worldwide and is
internationally accepted and used for policy making."

Aviation Contributes about
2 Percent of Global Carbon
Dioxide Emissions

According to IPCC, global aviation contributes about 2 percent of the
global carbon dioxide emissions caused by human activities." This 2
percent estimate includes emissions from all global aviation, including
both commercial and military. Global commercial aviation, including
cargo, accounted for over 80 percent of this estimate.” In the United
States, domestic aviation contributes about 3 percent of total carbon
dioxide emissions, according to EPA data.”

Many industry sectors, such as the electricity-generating and
manufacturing sectors, contribute to global carbon dioxide emissions, as
do residential and commercial buildings that use fuel and power. The
transportation sector also contributes substantially to global carbon
dioxide emissions. Specifically, it accounts for about 20 percent of total
global carbon dioxide emissions.” Road transportation accounts for the
largest share of carbon dioxide emissions—74 percent—from the
transportation sector; aviation accounts for about 13 percent of carbon

18According to IPCC, the report was compiled by 107 lead authors from 18 countries.
Successive drafts of the report were circulated for review by experts, followed by review of
governments and experts. Over 100 contributing authors submitted draft text and
information to the lead authors and over 150 reviewers submitted suggestions for
improvement during the review process.

YAccording to IPCC, global aviation’s global carbon dioxide emissions totaled an estimated
480 million tons in 2000.

20According to EPA, in 2007 commercial aviation represented about 82 percent of all
aviation emissions, and about 2.5 percent of U.S. carbon dioxide emissions. In the United
States, military aviation represents less than 10 percent of total aviation emissions.

2'EPA, Draft Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2007, (March
2009). The aviation estimates do not include fuel consumed for international air transport
per UNFCCC'’s reporting guidelines; according to the EPA; in 2006, when those
international fuels were included, domestic and international commercial, military, and
general aviation flights represented about 3.4 percent of U.S. carbon dioxide emissions.

®In the United States according to EPA, carbon dioxide emissions from fossil fuel
combustion in the transportation sector account for an estimated 31 percent of carbon
dioxide emissions (in carbon dioxide equivalents not including fuels used for international
flights). Carbon dioxide equivalents provide a common standard for measuring the
warming potential of different greenhouse gases and are calculated by multiplying the
emissions of the non-carbon-dioxide gas by its global warming potential, a factor that
measures its heat-trapping ability relative to that of carbon dioxide.
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dioxide emissions from all transportation sources; and other
transportation sources, such as rail, account for the remaining 13 percent.
Figure 5 shows the relative contributions of industry, transportation, and
all other sources to global carbon dioxide emissions and breaks down
transportation’s share to illustrate the relative contributions of road traffic,
aviation, and other transportation sources.

Figure 5: Global Transportation’s and Global Aviation’s Contributions to Carbon
Dioxide Emissions, 2004
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Sources: GAO presentation of International Energy Agency and IPCC data.

Aviation Contributes about
3 Percent of All Human-
Generated Emissions

When other aviation emissions—such as nitrogen oxides, sulfate aerosols,
and water vapor—are combined with carbon dioxide, aviation’s estimated
share of global emissions increases from 2 percent to 3 percent, according
to IPCC. However, the impact of these other emissions on climate change
is less well understood than the impact of carbon dioxide, making IPCC’s
combined estimate more uncertain than its estimate for carbon dioxide
alone.

Aviation emissions may contribute directly or indirectly to climate change.
Although most aviation emissions have a warming effect, sulfate aerosols
and a chemical reaction involving methane have a cooling effect. The
warming effect is termed “positive radiative forcing” and the cooling effect
“negative radiative forcing.” Aviation emissions also may contribute to the
formation of cirrus clouds, which can cause atmospheric warming, but the
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scientific community does not yet understand this process well enough to
quantify the warming effect of aviation-induced cirrus clouds. Table 1
describes the direct or indirect effects of aviation emissions on climate
change.

|
Table 1: Types of Aviation Emissions and Their Effects at Cruising Altitude

Direct greenhouse gases and emissions

Carbon dioxide Carbon dioxide has a warming effect on the climate and remains in the atmosphere for
hundreds of years. Carbon dioxide emissions from aviation have the same effect as
those from other industry sectors because the carbon dioxide emitted from aircraft
remains in the atmosphere long enough to be well mixed with the carbon dioxide emitted
from ground-based sources.

Water vapor Water vapor has a warming effect on the climate and is generated from the hydrogen
contained in aviation fuel. It remains for only a short period in the troposphere (the
lowest portion of the earth’s atmosphere), where most emissions from aviation occur.
The quantity of water vapor emitted by aviation is small compared with the quantities
emitted from natural atmospheric sources.

Soot particles Soot particles are produced during combustion and have a small warming (positive
radiative forcing®) effect on the climate as they absorb incoming sunlight and heat the
atmosphere.

Indirect greenhouse gases and emissions

Ozone (from NOXx) Nitrogen emissions do not contribute to global warming directly, but the ozone generated
from increased nitrogen oxides (NOx) is a greenhouse gas that produces a warming
effect on the climate. The effect is higher at cruising altitude than on the ground because
of longer lifetimes and greater radiative forcing in the higher levels of the atmosphere.

Methane (NOx related) Very little or no methane is emitted by aircraft, but NOx emissions initiate a destruction of
methane molecules, which generates an overall cooling effect on the climate. Overall,
the warming effect of NOx emissions due to ozone formation is estimated to be higher
than the cooling that results from methane destruction.

Sulfate aerosols Sulfate aerosols, which arise from sulfur in jet fuel, scatter incoming sunlight back to the
atmosphere and have a relatively small cooling effect on the climate.

Cloud formation

Contrails Contrails are formed through emissions of water and particles under certain atmospheric
conditions such as temperature and humidity. They mainly consist of water already
contained in the atmosphere, and aircraft operations only trigger their formation in these
areas. Contrails cool the climate through increased reflection of solar radiation, but also
trap heat on the earth, which contributes to global warming. Overall, contrails have a
warming effect, although uncertainties about the magnitude of this effect remain.

Cirrus clouds Cirrus cloud formation might be augmented through aviation-induced contrails and cloud
seeding from emission particles. Cirrus clouds have a warming effect, but exact
quantifications are not yet possible. Consequently, IPCC did not include the impact of
cirrus cloud formation in its estimates of aviation’s contribution to human-generated
emissions.’

Source: IPCC, the Aviation Climate Change Research Initiative, and the European Topic Center on Air and Climate Change.
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°*According to the IPCC, radiative forcing has advantages over global warming potential (GWP) for
estimating aviation’s impact from short-lived aviation emissions and aerosols and contrails. GWP is
used to measure the heat-absorbing ability of long-lived gases using carbon dioxide as a reference.
Each measure has limits and several other impact measures including a modified GWP are under
consideration to address some of the limitations.

*University and government organizations, including NASA, are conducting research on them to
better understand their effects.

According to IPCC, when the positive radiative forcing effects of carbon
dioxide and the positive and negative radiative forcing effects of other
aviation emissions are combined, global aviation contributes about 3
percent® of human-generated positive radiative forcing. When the
radiative forcing effects of the various aviation emissions are considered,
carbon dioxide, nitrogen oxides, and contrails have the greatest potential
to contribute to climate change.

The level of scientific understanding about the impact of particular
aviation emissions on radiative forcing varies, making estimates of their
impact on climate change uncertain to varying degrees. A recent report
that described levels of scientific understanding of aviation emissions
found that the levels for carbon dioxide were high; the levels for nitrogen
oxides, water vapor, sulfates, and soot were medium; and the levels for
contrails and aviation-induced cirrus clouds were low.* Aviation’s
contribution to total emissions, estimated at 3 percent, could be as low as
2 percent or as high as 8 percent, according to IPCC. Figure 6 shows
IPCC’s estimate of the relative positive radiative forcing effects of each
type of aviation emission for the year 2000. The overall radiative forcing

®This 3 percent radiative forcing estimate for aviation is based on more recent research,
included in IPCC’s 2007 Fourth Assessment Report. Originally, IPCC calculated a 3.5
percent estimate for 1992, which it published in its 1999 special report, Aviation and the
Global Atmosphere.

#See Aviation Climate Change Research Initiative: A Report on the Way Forward, (2008)
citing Forster, P., et al. (2007), Changes in atmospheric constituents and in radiative
forcing. In: IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of
Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on
Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M.
Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA; and Sausen, R. et al., Aviation radiative forcing in 2000: An
update on IPCC (1999), Meteorologische Zeitschrift, 14-4, 555-561, 2005.
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from aviation emissions is estimated to be approximately two times that of
carbon dioxide alone.”

_______________________________________________________________________________|]
Figure 6: Estimated Relative Contribution of Aviation Emissions to Positive
Radiative Forcing

4%
Water vapor
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Soot

20% Contrails

49%

22% Nitrogen oxides

Carbon dioxide

Source: GAO presentation of IPCC reported study.

Note: This figure portrays the relative contributions of emissions that have a net positive radiative
forcing effect. The effect of sulfate emissions, which have a negative radiative forcing, or cooling,
effect, is not included. The result reported for nitrogen oxides is the net warming effect calculated by
subtracting the cooling effect of methane from the warming effect of ozone. The aviation radiative
forcing impact estimates described by IPCC in 2007 are reported as (positive) warming and
(negative) cooling in milliwatts per meter squared: carbon dioxide (+ 25.3), ozone production from
nitrogen oxides (+21.9), reduction of atmospheric methane as a result of nitrogen oxides (-10.4),
water vapor (+2.0), sulfate particles (-3.5), soot particles (+2.5), and contrails (+10.0). For cirrus
clouds, IPCC had no best estimate due to uncertainty, but a possible range of +10 to +80 was
reported. The relative contributions of emissions in this chart are an approximation because of the
uncertainty surrounding the non-carbon dioxide forcing estimates.

IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working Group | to
the Fourth Assessment Report of the Intergovernmental Panel on Climate Change [Solomon, S., D.
Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA.

25,

The 1999 IPCC report originally estimated that aviation’s impact could be two to four
times that of carbon dioxide alone. The use of a radiative forcing ratio of the forcing of all
aviation emissions over carbon dioxide is an approximation and is an area for further
research and understanding,.
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Global Aviation Emissions IPCC generated three scenarios that forecasted the growth of global

Are Expected to Grow but  aviation carbon dioxide emissions from the near-term (2015) to the long-

Forecasts Vary, Primarily ;erm (2050) and descrié)zd theze lsce}?arios in its 1999 report. Thesi

. . orecasts are generated by models that incorporate assumptions about

Reﬂectu}g Different future conditions, the most important of which are assumptions about

Economl.c Growth global economic growth and related increases in air traffic. Other

Assumptions assumptions include improvements in aircraft fuel efficiency and air traffic
management and increases in airport and runway capacity. Because the
forecasts are based on assumptions, they are inherently uncertain.

Forecasts of Global Economic Historically, global economic growth has served as a reliable indicator of

Growth and Air Traffic air traffic levels. Aviation traffic has increased during periods of economic
Primarily Drive IPCC’s growth and slowed or decreased during economic slowdowns. As figure 7
Emissions Estimates shows, U.S and global passenger traffic (including the U.S.) generally

trended upward from 1978 through 2008, but leveled off or declined during
economic recessions in the United States.

. __________________________________________________________________________________________________________|
Figure 7: Changes in Global and U.S. Aviation Passenger Traffic, 1978 through 2008

Global passenger traffic (revenue passenger kilometers, in trillions) U.S. carrier passenger traffic (revenue passenger miles, in billions)
900
e

5.0
800

4.0 700

600

3.0 500

400
2.0
300

200

1.0
100

0

X O L D LN L YL LD DO DY EYL LA DO S EYESYLS LS
XSSP LSS LSS SIS ITT LSO LSS &LTE&ES S S
20 2 2 9 9 Q2 9 90 Q2 Q2 90 9 29 9 Q29 90 9O I F LSS ISP PSP

Global passenger traffic

m— m== |J.S. passenger traffic

I:I Periods of recession

Sources: U.S. Department of Transportation data and ICAO data from the Air Transport Association.
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Forecast models described in IPCC’s report incorporate historical trends
and the relationship between economic growth and air traffic to produce
scenarios of global aviation’s potential future carbon dioxide emissions.
IPCC used a NASA emissions forecast for carbon dioxide emissions until
2015. IPCC used an ICAO emissions forecasting model to forecast
emissions from 2015 to 2050 using three different assumptions for global
economic growth—low (2.0 percent), medium (2.9 percent), and high (3.5
percent). As a result, IPCC produced three different potential scenarios for
future air traffic and emissions.” The 2050 scenarios include a 40 percent
to 50 percent increase in fuel efficiency by 2050 from improvements in
aircraft engines and airframe technology and from deployment of an
advanced air traffic management system (these are discussed in more
detail below). Figure 8 shows IPCC’s low-, mid-, and high-range scenarios
for carbon dioxide emissions for 2015, 2025, and 2050 as a ratio over 1990
emissions. IPCC used the medium economic growth rate scenario to
estimate aviation’s contribution to overall emissions in 2050.

*TPCC assumed a maturing global market with the above economic growth rates from 1990
to 2025 and slightly lower economic growth rates thereafter.

Page 17 GAO-09-554 Aviation and Climate Change



__________________________________________________________________________________|]
Figure 8: IPCC’s Scenarios for Global Aviation Carbon Dioxide Emissions
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Source: IPCC.

Note: Includes advanced air traffic management and 40 percent to 50 percent fuel efficiency gain by
2050.

IPCC compared aviation and overall emissions for the future and found
that global aviation carbon dioxide emissions could increase at a greater
rate than carbon dioxide emissions from all other sources of fossil fuel
combustion. For example, for the medium GDP growth rate scenario,
IPCC assumed a 2.9 percent annual average increase in global GDP, which
translated into almost a tripling (a 2.8 times increase) of aviation’s global
carbon dioxide emissions from 1990 to 2050. For the same medium GDP
growth scenario, IPCC also estimated a 2.2 times increase of carbon
dioxide emissions from all other sources of fossil fuel consumption
worldwide during this period. Over all, using the midrange scenario for
global carbon dioxide emissions and projections for emissions from other
sources, IPCC estimated that in 2050, carbon dioxide emissions from
aviation could be about 3 percent of global carbon dioxide emissions, up
from 2 percent. IPCC further estimated that, when other aviation
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emissions were combined with carbon dioxide emissions, aviation would
account for about 5 percent of global human-generated positive radiative
forcing, up from 3 percent.” IPCC concluded that the aviation traffic
estimates for the low-range scenario, though plausible, were less likely
given aviation traffic trends at the time the report was published in 1999.
IPCC’s 2007 Fourth Assessment Report included two additional forecasts
of global aviation carbon dioxide emissions for 2050 developed through
other studies.” Both of these studies forecasted mid- and high-range
aviation carbon dioxide emissions for 2050 that were within roughly the
same range as the 1999 IPCC report’s forecasts.” For example, one study
using average GDP growth assumptions that were similar to IPCC’s
showed mid- and high-range estimates that were close to IPCC’s estimates.

In 2005, FAA forecasted a 60 percent growth in aviation carbon dioxide
and nitrogen oxide emissions from 2001 to 2025. However, FAA officials
recently noted that this estimate did not take into account anticipated
aircraft fleet replacements, advances in aircraft and engine technology,
and improvements to the air transportation system, nor did it reflect the
recent declines in air traffic due to the current recession. After taking
these factors into account, FAA reduced its estimate in half and now
estimates about a 30 percent increase in U.S. aviation emissions from 2001
to 2025.” To account for some uncertainties in FAA’s emissions
forecasting, FAA officials said they are working on creating future

*"This 5 percent estimate of aviation’s contribution to 2050 global radiative forcing is based
on IPCC’s midrange estimate. IPCC did not provide this estimate for the 2050 high- and
low-range scenarios.

B. Owen and D.S. Lee, Allocation of International Aviation Emissions from Scheduled
Air Traffic—Future Cases, 2005 to 2050, Manchester Metropolitan University
(Manchester, UK, March 2006) and Ralf Berghof, Alf Schmitt et al., CONSAVE 2050 Final
Technical Report (July 2005).

*The 1999 IPCC report included a high-growth emissions scenario for 2050 from an
environmental organization that showed aviation contributing 9.8 percent of global carbon
dioxide emissions. This estimate assumed air traffic levels for 2050 that were more than
double those used in the highest IPCC estimate. IPCC concluded that such an estimate for
2050, though not impossible, was unlikely because it would require countries to build more
than 1,300 new airports with 15 gates each, or the equivalent of 2 new airports per month
for 60 years, which would be unprecedented compared with historical increases in global
airport capacity.

This estimate is based on emissions of carbon dioxide and nitrogen oxides. In terms of
fuel consumption, FAA estimates a 28 percent increase in US carriers commercial aviation
jet fuel from 2001 to 2025 (see FAA Aerospace Forecast, Fiscal Years 2009-2025, table 22).
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scenarios for the U.S. aviation sector to assess the influence of a range of
technology and market assumptions on future emissions levels.

Other Forecasts Show
Continued Long-term Growth,
but Emissions Could Fall below
Estimated Levels during the
Current Economic Downturn

Assumptions about Other
Factors Could Affect IPCC’s
Forecasts

While recent aviation forecasts are generally consistent with IPCC’s
expectation for long-term global economic growth, the current economic
slowdown has led to downward revisions in growth forecasts. For
example, in 2008, Boeing’s annual forecast for the aviation market
projected a 3.2 percent annual global GDP growth rate from 2007 to 2027.
However, this estimate was made before the onset of negative global
economic growth in 2009 and could be revised downward in Boeing’s 2009
forecast. According to FAA’s March 2009 Aerospace Forecast, global GDP,
which averaged 3 percent annual growth from 2000 to 2008, will be 0.8
percent from 2008 to 2010 before recovering to an estimated average
annual growth rate of 3.4 percent from 2010 to 2020.”" The International
Air Transport Association has predicted that global air traffic will decrease
by 3 percent in 2009 with the economic downturn. Moreover, according to
the association, even if air traffic growth resumes in 2010, passenger air
traffic levels will be 12 percent lower in the first few years after the
slowdown and 9 percent lower in 2016 than the association forecasted in
late 2007. To the extent that air traffic declines, emissions also will
decline.

In developing its forecasts, IPCC made assumptions about factors other
than economic growth that also affected its forecast results, as IPCC itself,
experts we interviewed, and FAA have noted:

IPCC assumed that advances in aircraft technology and the introduction of
new aircraft would increase fuel efficiency by 40 percent to 50 percent
from 1997 through 2050.*

IPCC assumed that an ideal air traffic management system would be in
place worldwide by 2050,” reducing congestion and delays.

*Two main methods, market exchange rates and purchasing power parity are used to
convert the GDP of a country in national currency terms to a common currency, usually the
U.S. dollar. GDP growth rates can differ depending on the conversion method used.

32However, the forecast doesn’t account for the possibility that some airlines might adopt
low-carbon alternative fuels.

The United States is currently working on its future air traffic management system,
NextGen, as is Europe through the Single European Sky Air Traffic Management Research
Program (SESAR).
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IPCC assumed that airport and runway capacity would be sufficient to
accommodate future air traffic levels.

However, if IPCC’s assumptions about improvements in fuel efficiency and
air traffic management are not realized, aircraft could produce higher
emissions levels than IPCC estimated and IPCC’s estimates would be
understated. Conversely, if airports and runways have less capacity than
IPCC assumed, then air traffic levels could be lower and, according to
IPCC and some experts, IPCC’s forecast could overstate future aviation
emissions. Finally, IPCC pointed out that its estimate that aviation will
contribute 5 percent of positive radiative forcing in 2050 does not include
the potential impact of aviation-induced cirrus clouds, which could be
substantial.*

Because IPCC’s forecasts are based on assumptions about future
conditions and scientific understanding of the radiative forcing effects of
certain aviation emissions is limited, IPCC’s forecasts are themselves
uncertain. According to FAA officials, given the numerous assumptions
and inherent uncertainties involved in forecasting aviation emissions
levels out to the year 2050, along with the significant shocks and structural
changes the aviation community has experienced over the last few years,
IPCC’s projections are highly uncertain, even for the midrange scenario. If
emissions from aviation and all other sectors continue to grow at about
the same relative rate, aviation’s contribution as a portion of overall
emissions will not change significantly. However, if significant reductions
are made in overall emissions from other sources and aviation emission
levels continue to grow, aviation’s contribution could grow.

¥Other studies have estimated aviation’s share of current climate change emissions and
find aviation’s contributions to climate change to be larger when the impact of cirrus
clouds is included. For example, one environmental organization in a 2006 report included
the upper range for aviation-induced cirrus clouds’ radiative forcing (from Sausen et al,
2005, which was reported in IPCC) in its aviation radiative forcing total and calculated that
aviation contributed 9 percent of total radiative forcing due to human activity worldwide in
2000.
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Experts Believe
Future Technological
and Operational
Improvements Are
Likely to Help Reduce
Emissions from
Commercial Aircraft,
but Likely Not by
Enough to Fully

According to experts we interviewed, a number of different technological
and operational improvements related to engines, aircraft design,
operations, next-generation air traffic management, and fuel sources are
either available now or are anticipated in the future to help reduce carbon
dioxide emissions from aircraft. We interviewed and surveyed 18 experts
in the fields of aviation and climate change and asked them to assess a
number of improvements to reduce emissions using a variety of factors,
such as potential costs and benefits, and then used the results to inform
the following discussion. (Complete survey results can be found in app.
III.) The development and adoption of low-emissions technologies is likely
to be dependent upon fuel prices or any government policies that price
aircraft emissions. Higher fuel prices or prices on emissions—for example
through government policies such as an emissions tax—would make the
costs of low-emissions technologies relatively cheaper and are likely to

Offset Estimated encourage their development. In addition, while fuel efficiency and

Market Growth emissions reductions may be important to airlines, so are a number of
other factors, including safety, performance, local air quality, and noise
levels, and trade-offs may exist between these factors.

Experts Believe That

Although Many

Technologies Are

Expected to Help Reduce

Emissions Growth in the
Future, They Involve
Trade-offs

Aircraft Engine Improvements

Improvements to aircraft engines have played a primary role in increasing
fuel efficiency and reducing engine emission rates; experts we interviewed
expect them to do so in the future—one study estimates that 57 percent of
improvements in aircraft energy intensity between 1959 and 1995 were due
to improvements in engine efficiency.” Such improvements have resulted
from increasing engine pressure and temperatures (which increases their
efficiency and decreases fuel usage) and improving the “bypass ratio,” a

35Joosung J. Lee, Stephen P. Lukachko, Ian A. Waitz, and Andreas Schafer, “Historical and
Future Trends in Aircraft Performance, Cost, and Emissions,” Annual Reviews on Energy
and Environment, vol. 26 (2001).
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measure of airflow through the engine.” However, according to experts
we surveyed, further advances in these technologies may face high
development costs (see table 2), and some may not be available for
commercial use any time soon because engineers still face challenges in
improving engine technology.

_______________________________________________________________________________________|]
Table 2: Selected Potential Aircraft Engine Improvements to Reduce Emissions

Potential
reductionin  Potential Estimated
carbon research and time frame for Potential for
dioxide development commercial public
Improvement emissions’ costs® use’ acceptance’
Geared turbofan  Medium Medium Short-medium  High
engine—more
fuel efficient
engine
Open rotor High High Medium Low-medium
engine—engine
fan blades not
enclosed
Distributed Medium High Long High
propulsion

systems—many
small engines
instead of few
large ones

Source: GAO survey of experts.

Note: Between 8 and 13 experts responded to each of our questions about technological
improvements.

» «

*We did not provide definitions for “low,” “medium,” or “high” in these cases.

*Short timeframe (<5 years); medium timeframe (5-15 years); long timeframe (>15 years).

Some technologies may be available sooner than others, but all present a
range of challenges and tradeoffs:

One latest-generation aircraft engine, the geared turbofan engine, is likely
to be available for use in certain aircraft in the next few years; promises to
reduce emissions according to its manufacturer, Pratt & Whitney; and may

®The higher the bypass ratio, the more air bypasses the engine, providing extra propulsion
for the engine fan blades and increasing the engine’s efficiency.
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Aircraft Improvements

face few challenges to widespread adoption.” According to Pratt &
Whitney, this engine design is estimated to reduce fuel burn and emissions
by 12 percent, compared with similar engines now widely used, in part due
to an increase in the engine’s bypass ratio. The geared turbofan engine is
the result of research conducted by NASA and Pratt & Whitney.”

Another engine technology, which could be introduced in the next 5 to 15
years, is the “open rotor” engine. It may deliver even greater emissions
reductions but may face consumer-related challenges. The open rotor
engine holds the engine fan blades on the outside of the engine case,
thereby increasing the air flow around the engine, the effective bypass
ratio, and the efficiency of the engine’s propulsion. However, this engine
may be noisy and its large, visible engine blades could raise consumer
concerns according to experts we surveyed. Research in the United States
is currently a joint effort of NASA and General Electric. Rolls-Royce is also
pursuing this technology.

In the longer term, despite some engineering challenges, distributed
propulsion technologies also hold promise for reducing aircraft emissions.
Distributed propulsion systems would place many small engines
throughout an aircraft instead of using a few large engines, as today’s
aircraft do. Experts we interviewed said that engineering challenges must
be overcome with distributive propulsion, including determining the best
and most efficient way to distribute power and store fuel. NASA is
currently involved in distributed propulsion research.

Aircraft improvements also have played a role in reducing emissions rates
in the past and experts we interviewed expected them to continue to do
so. Through improvements in materials used to build aircraft and other
improvements that increase aerodynamics and reduce drag, aircraft have
become more fuel efficient over time. In the short term, improvements in
aircraft materials, leading to decreased weight, and improvements in
aerodynamics will help reduce fuel consumption and, thus, emissions
rates. In the longer term, new aircraft designs, primarily a blended wing-
body aircraft, hold potential for greater reductions in emissions rates.
However, new aircraft concepts face engineering and consumer

n addition, General Electric is developing a new fuel-efficient engine, the GEnx.
According to General Electric, this engine will improve fuel burn by 15 percent, while also
reducing NOx emissions, compared with General Electric’s previous generation of engine
technologies.

®The U.S. Air Force also is conducting research into more