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This study describes the methodology and results for
calculating future global aviation emissions of carbon dioxide
and oxides of nitrogen from air traffic under four of the IPCC/
SRES (Intergovernmental Panel on Climate Change/Special
Report on Emissions Scenarios) marker scenarios: A1B, A2, B1,
and B2. In addition, a mitigation scenario has been calculated
for the B1 scenario, requiring rapid and significant technology
development and transition. A global model of aircraft movements
and emissions (FAST) was used to calculate fuel use and
emissions to 2050 with a further outlook to 2100. The aviation
emission scenarios presented are designed to interpret the SRES
and have been developed to aid in the quantification of the
climate change impacts of aviation. Demand projections are
made for each scenario, determined by SRES economic growth
factors and the SRES storylines. Technology trends are
examined in detail and developed for each scenario providing
plausible projections for fuel efficiency and emissions
control technology appropriate to the individual SRES storylines.
The technology trends that are applied are calculated from
bottom-up inventory calculations and industry technology trends
and targets. Future emissions of carbon dioxide are projected
to grow between 2000 and 2050 by a factor in the range of
2.0 and 3.6 depending on the scenario. Emissions of oxides of
nitrogen associated with aviation over the same period are
projected to grow by between a factor of 1.2 and 2.7.

Introduction
Aviation currently contributes between 2 and 3% of total
annual anthropogenic carbon dioxide (CO2) emissions (1)
but possibly as much as 4.9% of radiative forcing in 2005,
including cirrus cloud effects (2). Aviation has grown strongly
over recent decades with passenger transport in terms of
revenue passenger kilometers (RPK) increasing at an average
rate of 5.2% yr-1 over the period 1992-2005, despite world-
changing events such as the first and second Gulf Wars and
the World Trade Center attack, etc. (2). The future potential
growth of emissions from this sector is of some concern since
its impacts on climate arise from both CO2 and non-CO2

emissions and effects. Moreover, international aviation
emissions which contribute approximately 60% of the total
are not part of the Kyoto Protocol and lie outside the remit
of internationally agreed emission reduction targets. Even
though there have been significant improvements in fuel
efficiency through aircraft technology and operational man-
agement this has been outweighed by the increase in air
traffic.

Previously, some efforts have been made to formulate
future aviation emissions scenarios (3) but these are now
over 10 years old and were based on older IPCC scenario
assumptions. Here, we present new aviation emission
scenarios to 2050 that are designed to interpret the IPCC
SRES storylines (4) under the four main families A1B, A2, B1,
and B2 with a further outlook to 2100. In addition, a scenario
has been calculated assuming that the ambitious technology
targets of the Advisory Council for Aeronautical Research in
Europe (ACARE) (5) are achieved. The emission scenarios
presented here are time-variant and have been gridded so
that impacts can be assessed with climate models including
chemical transport models (CTMs). These aviation emissions
scenarios form part of the European Commission sixth
Framework project ‘QUANTIFY’, in which SRES-based emis-
sion scenarios have been developed in a consistent manner
for the transportation sector as a whole (www.pa.op.dlr.de/
quantify/).

Calculation of Baseline Fuel and Emissions

A global model of aircraft movements and emissions, ‘FAST’
(6), for a baseline year of 2000 has been used as the basis for
calculation of new future emissions for scenario years 2020,
2050, and 2100 under the SRES marker scenarios (A1B, A2,
B1, and B2). FAST has previously been used to calculate fuel,
CO2 and NOx emissions for aviation and used in a variety of
impact studies (7-10) and is also in use under the aegis of
the International Civil Aviation Organization (ICAO)’s Com-
mittee on Aviation Environmental Protection (CAEP), along
with other similar modeling systems. The emission scenarios
are spatially resolved at 1° latitude × 1° longitude with a
vertical discretization of 610 m (i.e., flight-level intervals of
2000 feet), every month. FAST combines a global aircraft
movements database of scheduled and nonscheduled air
traffic (11) with data on fuel flow provided by a separate
commercial aircraft performance model, PIANO (12). Emis-
sions of CO2 are a simple function of fuel consumption,
whereas NOx emissions require an algorithm that corrects
certification (ICAO databank) data for altitude (13, 14). Global
aviation fuel from civil aviation using FAST was calculated
to be 152 Tg for 2000. This is in broad agreement with other
estimates of emissions (15, 16). The fuel burn derived from
“bottom-up” inventories such as the FAST2000 inventory
generally indicate lower fuel use than reported aviation fuel
use by the International Energy Agency (IEA) (17). There are
a number of reasons for this. First, the “bottom-up”
inventories only indicate civil emissions, military emissions
are much more difficult to estimate but Eyers et al. (15)
calculated this to be approximately 11% of the total in 2002.

Second, many of these inventories including FAST2000
are idealized in terms of missions, in that great circle distances
are assumed and no holding patterns. This leads to an
underestimate of actual burn of about 10% (15). These various
factors conspire to systematically underestimate aviation CO2

emissions, which is why it is important to use the total fuel
sales data and the more detailed bottom-up inventory total
should be scaled accordingly. In this study the FAST2000
data has been normalized to the IEA total aviation fuel sales
figure of 214 Tg yr-1 for 2000. This method of scaling to IEA
fuel, while conventional (3), introduces some uncertainty in
the location (both horizontally and vertically) of the NOx

emissions. In particular, military emissions will be emitted
at different altitudes to civil aviation and a CTM user may
consequently choose to omit the military portion of NOx

from their calculations. However, the uncertainties intro-* Correpsonding author e-mail: B.Owen@mmu.ac.uk.
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duced by scaling of the fuel use data are not significant for
CO2 emissions.

Aircraft movements and emissions from the baseline
inventory can then be used as the basis of projections, using
input data of growth in movements (regional) and assumed
changes in technology based upon historical development
and future anticipated changes. For the year 2020, the traffic
projection of ICAO/CAEP is used (18). Post-2020, traffic
demand for each scenario was calculated using a simple
econometric model based on global GDP growth (19) as the
principle driver although there is some decoupling from GDP
under certain growth scenarios. Technology assumptions
(on fuel efficiency and NOx emissions) are then determined
for each of the SRES scenarios to reflect the scenario
storylines.

Scenarios of emissions out to 2100 are necessary for
climate-response type calculations (20) and were developed
from the 2050 scenarios. Uncertainty increases beyond 2050
which renders overly complex assumptions difficult to justify.
Demand up to 2100 is modeled as described as for the period
2020-2050 but more simple technology assumptions were
made and are provided in the scenario descriptions.

Aviation Demand in the Near-Term

The ICAO projection of global aviation traffic demand to
2020 (18) is a consensus forecast developed by Government
and independent expert economists and transport planners,
airframe manufacturers, engine manufacturers, and air
transport organizations. The 20 year forecast produced by
ICAO is very much “in view” in terms of the aviation industry,
given the long development and production timeframes for
aircraft. This forecast provides a breakdown of RPK and SKO
(seat kilometers offered) by aircraft seat bandings and regional
flows. The calculated growth factors for each aircraft size
band and route group were then applied to the year 2000
baseline inventory activity data, producing an aviation activity
data set for 2020. The overall global growth in SKO shown
by the ICAO forecast is 4.1% yr-1 until 2020. In terms of aircraft
types, an upward trend in the size of aircraft making up the
global fleet is projected by the Forecasting and Economic
Sub-Group (FESG) with aircraft of more than 300 seats
contributing to approximately 11% of total SKOs in 2002 and
18% in 2020. The ICAO/FESG has recently completed a new
forecast to 2026 (21) and the most recent consensus is that
traffic growth to 2026 is likely to fall between 4.2 and 4.9%
per year (22, 23). The use of the 4.3% annual average growth
rate of the ICAO/CAEP6-FESG forecast is thus deemed an
appropriate and pertinent forecast to 2020 for this study.

Long-Term Aviation Demand Modeling

In order to extend the traffic and emissions projections to
2050 (and beyond) a different methodology is required. A
number of studies have shown a robust link between
economic growth and the demand for transport (24) and for
aviation in particular (25-27). Previously, in the IPCC 1999
Report a logistic-type statistical function of the ratio of RPK
to GDP was used to model future global aviation demand
(28) and a similar method has been employed here. Time
series of global GDP growth from the UN World Bank and
ICAO passenger demand statistics (29) have been used to
2006 to develop a logistic function (see the Supporting
Information (SI) for details). The function is then applied
with the SRES GDP growth assumptions.

The disaggregation of the global demand to regional flows
has been undertaken taking account of the GDP growth
assumptions, the relative maturity of aviation demand in
the regions and interpretation of the IPCC SRES storylines.

Interpreting IPCC-SRES Emissions Scenarios for Aviation
The SRES scenarios were developed by the Intergovernmental
Panel on Climate Change (IPCC), as four main family
storylines: A1B, A2, B1, and B2. Each scenario family involves
a storyline and a number of quantifications, including
estimates on population and GDP.

The SRES storylines are described in terms of certain
characteristics that imply that political and societal factors
may change the way we travel in the future; for example, two
of the scenarios (A1B and B1) are both globalization scenarios,
whereas A2 and B2 are more regional scenarios where
individual regions become more separate and there is less
exchange between the regions. Within the SRES storyline
literature there is no specific reference to aviation, other than
for the A2 scenario: “interregional passenger transport and
trade flows low” (30); and the B1 scenario: “air traffic is mostly
for intercontinental trips” (31). Thus some interpretation of
the general SRES trends and patterns for aviation was
necessary. Further details are given in the SI.

Technology Trends: Fuel and NOx Emissions
Fuel efficiency values in terms of kg fuel per SKO for each
in-service aircraft over appropriate mission distances were
determined from the FAST baseline inventory using the
PIANO model (12) and real flight data. Since a global
movement data set was used, it incorporates typical ranges
of flight distances undertaken by the specific aircraft types.
These fuel efficiency values by aircraft type form the basis,
with a fleet-rollover model, of calculated future trends in
global fleet fuel efficiency.

The fuel efficiency of the fleet to 2020 is calculated based
on the retirement and replacement of older aircraft types
with newer known aircraft types via a fleet rollover model
(32). Aircraft currently in-service but not appearing in the
2000 fleet such as the B787 and A380 are estimated to have
20% better fuel efficiency that their current equivalents (33).
Additional fleet-wide improvements in fuel efficiency are
assumed from changes in air traffic management (ATM) and
operational improvements (34). Total fleet-wide fuel ef-
ficiency improvements of approximately 1% yr-1 as kg/SKO
from 2000 to 2020 are estimated from this work.

Projecting trends in fuel efficiency beyond 2020-2050
requires the consideration of some aircraft and engines that
are not yet in production and thus more speculative
assumptions. After 2020, additional aircraft not yet in
production will enter the fleet and no specific fuel efficiency
or emissions data are available for these. However, likely
trends for new unknown aircraft in the longer term have
been determined from the aeronautical industry ACARE
technology goals (5) and the ICAO/CAEP Long-term Tech-
nology Goals (LTTG) (35) with the rate of implementation
dependent on the scenario.

Implementation of Technology Trends into Scenarios
The assumptions made for fuel efficiency and emissions
technology for each scenario were matched to the general
storyline of the scenarios. Although the improvements in
fuel efficiency and NOx emissions are applied using fleet-
wide assumptions, they have been derived from detailed
bottom-up inventory and fleet-rollover analyses (details
provided in the SI). The implementation is summarized as
follows:

A1B. For aviation post-2020, the evolution of the fleet
includes ACARE-type aircraft entering the fleet at a moderate
rate, that is, 5% of new aircraft are ACARE-compliant in 2020,
25% in 2030, and by 2050, 75% of new aircraft entering into
service are ACARE-compliant aircraft. Using these assump-
tions, fuel efficiency improvements for aviation under this
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scenario were assumed to be approximately 1% yr-1 for the
entire 50 year period (2000-2050). This matches the rate of
fuel efficiency improvements seen in the industry over the
past 10 years but this rate of improvement is assumed to be
sustained to 2050 which is a generally optimistic outcome
and consistent with the A1 storyline of technological im-
provement (previous future projections of fuel efficiency have
assumed a declining rate of improvement with time, for
example, IPCC projections assumed efficiency improvements
would decline to 0.5% yr-1 post-2020-2100) (28). Improve-
ments in NOx technology under the A1 scenario are signifi-
cant, commensurate with the generally high level of tech-
nological advancement and exchange. It is thus assumed
that the medium term technology targets proposed by the
CAEP are implemented by 2030 and achieved by all new
aircraft entering the fleet after 2030.

A2. This scenario has the lowest overall demand and the
lack of technological advances and international cooperation
mean that the step-changes that would be required to develop
ACARE-type aircraft are not achieved and fuel efficiency
improvements after 2020 are slow, amounting to an overall
improvement of 30% over 2000 values by 2050. Only marginal
annual improvements in fuel efficiency (0.2% yr-1 post-
2020-2100) and NOx emissions technology are assumed.

B1. For this scenario, where local air quality would be an
important driver for reducing NOx emissions, significant
improvements in NOx technology are assumed, commen-
surate with achieving the long-term technology goals for NOx

proposed within CAEP and the ACARE NOx improvements
discussed by the aeronautical industry. Fuel efficiency
improvements are based on the same assumption outlined

for the A1 scenario to 2050 (1% yr-1 in kg/SKO) but increase
again to 1.3% yr-1 (kg/SKO) in the period 2020-2100 as the
possibility of more radical aircraft design and materials and
alternative fuels become available. As with all the scenarios,
for the period 2050-2100, the fuel efficiency improvements
are speculative and top-down. The B1-ACARE scenario shares
the same EINOx assumptions as B1 but with the fuel efficiency
assumptions tightened further by assuming that the ACARE
fuel efficiency goal is achieved by all new aircraft entering
the fleet in 2020 (a 2.1% yr-1 improvement in kg/SKO). This
scenario is effectively a parametric “what if”, since it is clear
that the ACARE targets are demanding, and it would be
virtually impossible for all newly manufactured aircraft to
meet the targets since this would require existing types to be
re-engined; rather, in reality, ACARE opportunities only exist
for new aircraft types. For the B1-ACARE scenario, post-
2050, the rate of fuel efficiency obtained up to 2050 would
be continued to 2100. The B1-ACARE scenario is akin to an
aviation mitigation scenario as to achieve the fuel efficiency
improvements described here, would probably require the
technology to be driven by concerns over climate change.
However, it should be noted that the B1 SRES total emissions
scenario is not a mitigation scenario and has a 2100
temperature increase of around 2.6 °C in excess of the level
commonly associated with “dangerous climate change” (36).

B2. The B2 scenario also shows some ecological creden-
tials although with environmental policies being prominent
only at a local level, the implementation of tougher NOx

emission standards through groups such as ICAO/CAEP are
assumed to be less likely. The B2 scenario also lacks the
technological advances evident in the B1 world. The B2

FIGURE 1. Time series of SRES aviation CO2 emission scenarios (with outlook to 2100).

TABLE 1. Emission Inventory Results for base year, 2000 and for SRES Aviation Scenarios; SRES Total Anthropogenic; And
Transport Emissions

year/Scenario fuel CO2 (Tg) NOx (Tg)
total SRES

CO2 (Tg)
quantify transport

total CO2 (Tg)

quantify transport
as % of total

SRES (5)

aviation as %
of quantify

transport (38)

2000 214 677 2.9 25 287 5665 22% 12%
2020 336 1062 4
2050A1 766 2418 7.5 58 701 16 284 28% 15%
2050A2 469 1481 5.4 60 472 9148 15% 16%
2050B1 426 1345 3.4 42 887 10 785 25% 12%
2050B2 435 1373 4.4 41 194 9861 24% 14%
2050B1ACARE 325 1025 2.6 42 887 10 785 25% 10%
2100A1 1605 5067 15.7 48 020 20 773 43% 24%
2100A2 956 3018 11 105 991 12 803 12% 24%
2100B1 375 1186 3 19 053 9656 51% 12%
2100B2 565 1783 5.7 50 689 9951 20% 18%
2100B1ACARE 229 723 1.8 19 053 9656 51% 7%
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scenario is thus characterized by fairly slow improvements
in NOx technology between 2020 and 2050. Modest im-
provements in fuel efficiency similar to those used in the
IPCC scenarios (28) of 1% yr-1 to 2030 and 0.6% yr-1 to 2050
(and then to 2100) are assumed.

RESULTS
Emission Scenarios to 2050. Global emissions of CO2 and
NOx according to the methodology described above are
summarized in Table 1. For the B1 scenario there is also a
B1-ACARE variant (an aviation advanced technology sce-
nario) which assumes more significant improvements in fuel
efficiency. The projected trends over time of aviation CO2

and NOx emissions for each of the scenarios is shown in
Figure 1. For the high growth A1 scenario, emissions of CO2

grow by an average of 2.6% yr-1. Emissions of NOx for the
A1 scenario grow by an average of 2.0% yr-1. The B1-ACARE
scenario represents a future with a more environmental

outlook where demand is slower and fuel efficiency and NOx

technology improvements are both stronger. The emissions
of CO2 grow by an average of 0.8% yr-1 between 2000 and
2050. Emissions of NOx for the B1-ACARE scenario decline
by an average of 0.1% yr-1 between 2000 and 2050 as a result
of the combined improvements of fuel savings and NOx

emission reductions.
The spatial distributions of the aviation scenarios in 2050

are shown in Figure 2 in terms of ratios to the base year of
2000. The spatial distribution for A1/B1 and A2/B2 scenarios
is distinct, with the global scenarios A1/B1 showing greater
growth of inter-regional demand compared with the more
regionally focused scenarios A2/B2. The A1 scenario, which
describes a future where developing and developed countries
show greater economic equality, has the greatest growth in
regions such as Africa and Latin America. The emissions in
developing regions increase by factors of 15-20 and more
in some cases for the A1 scenario between 2000 and 2050

FIGURE 2. 2000 CO2 emissions data from aviation and ratio to SRES 2050 emissions projections.
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reflecting the emergence and strong growth of aviation in
these regions. The SRES aviation scenarios produced here
are compared with other aviation scenario data in the
literature including the main IPCC 2050 scenarios (28) and
the CONSAVE scenarios (37) in Figure 3 and are found to lie
within a similar range.

Outlook to 2100. The emissions to 2100 are provided in
Table 1. Assumptions post-2050 are necessarily more specu-
lative and provide an outlook only. Post-2050 demand (inter-
regional or intra-regional) is assumed to continue to grow
linearly with GDP growth according to the scenario storyline.
Assumptions for fuel efficiency were determined using broad-
brush assumptions on fuel availability for the scenarios during
the second half of the century and in the absence of any
obvious trends for NOx, all EINOx values remain at their 2050
values (trends in NOx are therefore scaled to fuel and carbon
dioxide emissions). For the high growth A1 scenario, emis-
sions of CO2 and NOx grow by an average 1.5% yr-1 over the
period 2050-2100. At the opposite end of the scenario range,
emissions of CO2 and NOx for the B1-ACARE scenario decline
by an average of 0.7% yr-1 between 2050 and 2100.

Discussion
Total global emissions from fossil fuel burning (from SRES)
and from aviation (this study) are also given in Table 1
together with the total SRES QUANTIFY transport emissions
data (38).

Aviation emissions grow by approximately a factor of 7.5
for the A1B marker scenario between 2000 and 2100, whereas
transport emissions in this scenario grow by a factor of 4 for
the QUANTIFY transport emissions (38). This increase in the
share of aviation emissions at 2100 reflects the relatively
slower transition to alternative nonfossil fuels compared with
other transport modes, particularly road and rail transport.
Aviation CO2 emissions represent 3% of total fossil fuel CO2

emissions in 2000 and between 3 and 11% in 2100.
Aviation is calculated to contribute 677 Tg of CO2 in 2000,

that is 12% of total transport CO2 emissions. In 2100, aviation
was calculated to contribute between 5067 and 723 Tg of
CO2 (A1B and B1-ACARE, respectively), compared with total
SRES Transport of between 20 773 and 9656 Tg of CO2 (A1B
and B1, respectively, that is 24 and 7%, respectively).

The aviation scenarios presented in this study represent
an update of the future aviation emission scenarios published
in the IPCC Special Report on Aviation (28). The scenarios

presented show a range of demand and technology outcomes
that are broadly consistent with the storylines presented in
the IPCC SRES emission scenarios and are plausible outcomes
under the SRES economic growth assumptions used.

Emissions of CO2 from aviation between 2000 and 2050
are projected to grow by between a factor of 2.0 and 3.6,
depending on the scenario. Emissions of NOx from aviation
over the same period are projected to grow by between a
factor of 1.2 and 2.7. By 2100, aviation CO2 emissions under
the high growth A1 scenario are a factor of 7.5 more than the
2000 aviation emissions. The B1 scenario CO2 emissions are
a factor of 1.7 more than the 2000 emissions. The B1-ACARE
emissions are the lowest in 2100, and are only a factor of 1.1
more than the 2000 emissions. It should be noted that the
B1-ACARE scenario differs from the SRES scenarios as it
would require significant continuing improvements in fuel
efficiency and some radical technological advances in the
second half of the century probably as a result of some climate
concerns and policy. Moreover, we have implemented
achievement of ACARE targets for all newly manufactured
aircraft as a “what if”, in practice this would be impossible.

The SRES scenarios by design do not include mitigation
policies for climate change. If emissions from international
aviation remain outside emission reduction targets set for
climate change mitigation the aviation emissions presented
here may occur while emissions from other sectors are rapidly
reduced. Emissions from aviation would thus become far
greater contributors in the future to global greenhouse gas
emissions and climate change. While aviation is not currently
one of the main drivers of global warming, the growth
trajectory of the industry suggests it could become a
significant factor over the coming decades.

The SRES scenarios have been interpreted for aviation
with other transport modes as part of the QUANTIFY project
(38), which will allow different transport modes to be
compared and their climate impacts to be modeled in a
consistent fashion.
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FIGURE 3. Comparison of range of emission estimates produced in this study (FAST-A1, high and FAST-B1ACARE, low) with other
aviation emission estimates.
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Supporting Information Available
Details on modeling the traffic demand for the SRES
storylines, a description of the SRES scenarios and further
details on projecting future emission trends. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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