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Part 4: Global Emissions

ICAQ assisted the IPCC through the provision of
expert authors and access to data and model out-
puts in the production of the chapter on aviation.
This long-standing co-operation between ICAO
and the IPCC is valued as it ensures that the final
results are the best possible.

Emission Inventories are complete estimates of
all emissions (and removals) of specified gases
from a specified region in a specified time-frame.
Under the UNFCCC we are concerned with
anthropogenic, national, annual, emissions and
removals of greenhouse gases not covered by
the Montréal Protocol. Determining “anthro-
pogenic” emissions (i.e. caused by humans) is
possible for emissions from energy use; however
it is sometimes impossible to disentangle natural
and anthropogenic components of some land-use
emissions. For example, emissions from wild fire
may be initially caused naturally (e.g. by lightning),
but then be influenced by local management
practices (e.g. fire suppression activity and har-
vesting regimes). Conversely, determining
“national” emissions is usually straightforward
for land-use emissions, but causes problems for

emissions from fuel combustion in transport such
as aircraft and shipping, since these emissions
often occur in international airspace or waters.
Thus, inventory guidance often involves preset
pragmatic solutions that can be universally
applied and understood.

The gases covered by the guidelines are shown in
Table 1. The Revised 1996 Guidelines only gave
guidance on six gases (or groups of gases) as
shown. The Kyoto Protocol covers these six
gases. These gases are those that have Global
Warming Potentials (GWP) in the IPCC’s Second
Assessment Report[5]. GWP is a comparative
measure of the warming impact of a unit mass of
each gas with the GWP of CO, = 12. Thus, the
mass emissions of each gas can be multiplied by
their respective GWP to compare their impact.
Emissions converted by the GWP are referred to
as “"CO, equivalent” and can then be added to
give an overall measure of the impact of the emis-
sions of all the gases. For example, the GWP of
CO,, CHy N,O, and SF6 are 1, 21, 310 and
23,900 respectively3.

Table 1 - List of Greenhouse Gases Covered by 2006 Guidelines.

Name of Gas Symbol Revised 1996  Gases with
Guidelines GWP in the TAR

Carbon Dioxide CO, v v
Methane CHy4 v v
Nitrous Oxide N,O 4 v
Hydrofluorocarbons HFCs (e.g.,HFC-23 (CHF3), HFC-134a

(CH,FCF3), HFC-152a (CH;CHF,)) v v
Perfluorocarbons PFCs (CFy4, CyFg, CsFg, C4Fqg, c-CyFg,

CsF12, CgF1a) v v
Sulphur Hexafluoride SFg v v
Nitrogen Trifluoride NF5 v
Trifluoromethyl Sulphur ~ SF5CF5 v

Pentafluoride
Halogenated Ethers e.g., C4,FgOC,H5, CHF,0CF,0C,F,0OCHF,,

CHF,OCF,OCHF, v
Other halocarbons e.g. CF3l, CH,Bry, CHCI5, CH3CI, CH,Cl, v

ithout GWP available c-C4Fg0

Other Fluorinated Gases C3F7C(O)C,Fg, CoFq6, C4Fg, CsFg,

2 More precisely: An index, based upon radiative properties of well-mixed greenhouse gases, measuring the radiative
forcing of a unit mass of a given well-mixed greenhouse gas in today’s atmosphere integrated over a chosen time hori-
zon, relative to that of carbon dioxide. The GWP represents the combined effect of the differing times these gases
remain in the atmosphere and their relative effectiveness in absorbing outgoing infrared radiation. The Kyoto Protocol is
based on GWPs from pulse emissions over a 100 year time-frame, using the values given in the IPCC's Second

Assessment Report (1995).

3 These are the values used for reporting to the UNFCCC and come from the IPCC Second Assessment Report with a
100 year time horizon. Use of a different time horizon gives different values and more recent calculations have changed
these values. See the IPCC Third and Forth Assessment Reports [6, 7] (2001 and 2007).
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The IPCC's Third Assessment Report[6] (TAR)
extended the list of gases that have GWP calcu-
lated to ten, and the 2006 Guidelines extend the
coverage to these gases as well. In addition,
methods are given for a few gases that may be
used as substitutes for gases already included in
the guidelines but which did not have a GWP
available in the TAR.

Estimating Emissions

Not all emissions can be measured. While large
factories can be fitted with automatic monitoring
equipment (and often are), this is not practical for
the large number of smaller sources that produce
many of the emissions, such as motor vehicles,
small domestic water heaters, etc. So to cover
most emission sources, estimation methods are
required that enable the emissions (or their
removal) to be calculated. This is often done by
making estimates based on parameters directly
associated with the emissions, such as “activity
data” Fuel consumption is often used. This “activ-
ity data” then has to be multiplied by an “emis-
sion factor” to give an emission estimate. Carbon
content of the fuel is often used as the basis of
an emission factor as it is directly related to the
emission of CO, (except for a very small amount
that is incompletely oxidised and is either emitted
as CO, CH, or a hydrocarbon, or remains as par-
ticulate carbon that can be emitted as an aerosol
or retained as ash).

Methane (CH,) emissions are often proportional
to fuel use as well, but here the emission rate is
dependent on a range of factors such as technol-
ogy, combustion rate (load), and maintenance
variables. CO, emissions from forests are esti-
mated from the changes in the various stocks of
carbon in the forests taking account of re-growth
and harvesting and other removals from the
forests. A further complication for some sources
is that the emissions may continue for many
years after the activity that causes the emissions.
For example, CH, from waste disposal landfills
can occur over decades after the waste is
deposited, so a first-order decay model is used to
simulate this. PFC and HFC gases emitted from
foams and refrigeration are other sources where
leakage can occur over many years.

Clearly some of these estimation methods can
become complex and require considerable data
and resources to complete. In order to focus
resources on those sources that are significant in
an individual country, inventory compilers are
instructed to undertake a “key category” analysis
of their inventory. This Key Category analysis
identifies significant sources in each country in a
systematic way across all emitting parties. A sim-
ple first-pass is to identify those major sources
that cumulatively account for 95% or more of
total emissions. In a second-pass, additional
sources that make a significant contribution to
the emissions trends can be included, as well as
estimates to cover uncertainty in more complex
situations.

Methods of differentiating levels of complexity
and resource requirements, called “Tiers' are
given in the guidelines:

Tier 1. These are simple methods with
defaults provided in the guidelines for all the
required parameters. These methods are suit-
able for minor sources in all countries. Typically
all that is needed is for some basic “activity
data” (e.g. fuel use) to be provided by the
inventory compiler.

Tier 2. These are generally similar to Tier 1 but
require country-specific data for the parame-
ters instead of the defaults in Tier 1. They are
generally suitable for significant sources (i.e.
"key categories”) or where abatement needs
to be treated.

Tier 3: More complex, resource-intensive
methods, often computerbased simulation
models, can be used if a country wishes. The
guidelines only sketch out what may be includ-
ed in the methods but the results must be
compatible with Tiers 1 and 2 in their coverage
completeness.

These 2006 Guidelines are the most up-to-date
guidance available for inventory compilers. They
are the latest in a series of publications started in
1994 and supersede all earlier guidance. The 2006
Guidelines provide users with a number of key
advantages compared to earlier guidance: they
should improve accuracy and reduce the scope
for errors, they are more complete, they integrate
good practices that make the guidelines clearer,
and they allow for differing levels of resources
and expertise.



116

Part 4: Global Emissions

Aviation Emissions

Emissions from global aviation activity currently
contribute about 2% of both total anthropogenic
emissions of greenhouse gases and global
anthropogenic CO, emissions#4. However, this is
forecast to rise, both in terms of absolute emis-
sions and as a percentage of the total.
Meanwhile, many countries are planning for sig-
nificant reductions in other emissions. Demand
for aviation is increasing faster than anticipated
improvements in fuel efficiency, hence increasing
emissions, while, in other sectors, much larger
emission reductions are possible through a wide
range of measures such as energy efficiency,
alternative fuels, carbon capture and storage and
demand management.

Emissions from aviation come from the combus-
tion of jet fuel and aviation gasoline; the latter
which generally accounts for less than 1 percent
of fuel used in aviation. The exhaust gas is rough-
ly about 70 percent CO,, a little less than 30 per-
cent H,0O, and less than 1 percent each of NO,,
CO, SO,, NMVOC, particulates, and other trace
components including hazardous air pollutants.
Little or no N,O emissions come from modern
gas turbines. Methane may be emitted by gas
turbines during idle and by older technology
engines, but recent data suggest that little or no
CH, is emitted by modern engines (see [8]).
Currently neither the UNFCCC guidance nor the
IPCC guidelines requires reporting of NO,® or
H,0O both of which can have a warming impact if
emitted at altitude.

Total emissions of CO, depend solely on the
amount of carbon in the fuel (the fraction not oxi-
dised to CO, is negligible compared to the other
uncertainties), and so the amount of fuel used,
multiplied by the carbon content, gives the emis-
sion of carbon as CO,. For Tier 2 estimates, data
on fuel consumption and CO, emissions during
the landing and takeoff (LTO) phases of flights for
different aircraft types has been taken from the
ICAO Engine Emissions Data Bank [9]. CO, cruise
emissions are estimated from the carbon content
of the fuel. Tier 3 Estimates require the use of
more sophisticated models such as SAGE[10, 11]

and AERO2K[12]. The IPCC guidelines also give
emission factors for CH, and N,O shown in Table
2. The CO, equivalent emissions (the mass of a
gas converted to the mass of CO, that has the
same climatic effect) of CH, and N,O are only
0.02% and 0.6% of the CO, emissions.

Table 2 — Default (Tier 1) Aviation Emission Factors from
2006 IPCC Guidelines.

Emission Factors (kg/TJ)

Fuel co, CH, | N,0
Aviation Gasoline | 70 000 | 0.5 2
Jet Kerosene 71 500

However, following decisions by the UNFCCC,
the guidelines state that emissions from fuel for
use on ships or aircraft engaged in international
transport should not be included in national totals.
To ensure global completeness and avoid double-
counting, these emissions should be reported
separately. International transport is defined as a
trip between different countries. Thus, until the
UNFCCC decides otherwise, emissions from
international aviation should not be included in
the national total emissions, but are to be report-
ed as a “memo” item. Accordingly, in order to
meet the UNFCCC reporting requirements, inven-
tory compilers must distinguish between interna-
tional and domestic flights — in other words, they
must differentiate the fuel used for an internation-
al journey from that used for domestic flights.

This information can be derived from a knowl-
edge of the start and end points of all the flights,
and fuel consumption information for a range of
aircraft types, both for cruise and LTO. Estimates
can then be built-up from this traffic data. Thus,
the split in fuel use between domestic and inter-
national can be determined. However this can be
a time and resource consuming task, and
because of this, many parties have used general
assumptions based on knowledge of the airline
industry in their country and the experience of
those involved.

4 http://www.mnp.nl/edgar/model/v32ft2000edgar/Citation: Olivier, J.G.J., Van Aardenne, J.A., Dentener, F, Ganzeveld,
L. and J.A.H.W. Peters (2005). Recent trends in global greenhouse gas emissions: regional trends and spatial distribu-
tion of key sources. Pdf-document (169Kb) In: “Non-CO2 Greenhouse Gases (NCGG-4)" A. van Amstel (coord.), page

325-330. Millpress, Rotterdam, ISBN 90 5966 043 9.

5 The 2006 Guidelines do give emission data for NO,, and under current reporting guidelines NO, can be optionally
reported as a precursor gas. However, there is not a mandatory requirement to report NO, nor is it included under the

Kyoto Protocol.
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Conclusions

National greenhouse gas emission inventories
are essential tools in understanding and respond-
ing to the problem of climate change. The guide-
lines developed by the IPCC are mandated for
use by parties to the UNFCCC. They provide guid-
ance on not just methodologies to estimate emis-
sions but also on a range of good practice to
ensure that the resulting estimates are: com-
plete, consistent over time, comparable between
parties, transparent, and as accurate as possible.

The latest IPCC guidelines, the 2006 IPCC
Guidelines for National Greenhouse Gas
Inventories, provide the most complete, accurate
and consistent guidance that is globally applica-
ble, since they take into account the varying lev-
els of resources and experience of the different
countries.

The IPCC guidelines are suitable for estimating
national emissions of greenhouse gases from the
aviation sector for reporting to the UNFCCC. The
simplest method is suitable for use by those with
limited resources, however the guidelines also
show how much more detailed, nationally-specif-
ic, methods can be utilised if so desired.

All of the guidelines, (the Revised 1996
Guidelines, Good Practice Guidance and the 2006
Guidelines), are available for free download at the
following website :
http://www.ipcc-nggip.iges.or.jp/
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Assessment of Aviation Cloudiness

Aircraft in flight emit gases and particles into the
atmosphere and increase cloudiness through the
formation of contrails in the Earth’'s atmosphere.
This "aviation cloudiness” has two components:
persistent linear contrails and an induced cirrus
component often called contrail cirrus. The latter
comes from the spreading of contrails in the
atmosphere for periods of minutes to hours after
their formation. Aviation increases global cloud
cover, an important component of Earth’s climate
system.

Intergovernmental Panel

on Climate Change

The Intergovernmental Panel on Climate Change
(IPCC) evaluated the contribution to climate
change from many aspects of 1992 aircraft
operations in a special report in 1999 (IPCC,
1999). Included here are results from the recent-
ly released 2007 IPCC assessment, in which the
contributions of aviation cloudiness were reevalu-
ated along with other principal anthropogenic and
natural sources of climate change.

IPCC's unique role in the landscape of global envi-
ronmental science is carried out under the aus-
pices of both the United Nations Environment
Program and the World Meteorological
Organization. Its mandate is “...to assess scien-
tific, technical and socio-economic information

Figure 1 — Contrails and contrail cirrus cloudiness over Europe as
viewed by the NOAA-12 AVHRR satellite on 4 May 1995 (IPCC, 1999).

relevant for the understanding of climate change,
its potential impacts and options for mitigation
and adaptation” (www.ipcc.ch). IPCC provides
information to policymakers following a policy-
neutral, but policy-relevant, process. Broad agree-
ment approaching or reaching consensus is
sought within an international group of scientists
on aspects of climate change related to science,
mitigation, and adaptation.

The IPCC reports are improved and strengthened
by multiple expert and government reviews dur-
ing the formation process. The new results pre-
sented here come from the Climate Change 2007
Report: The Physical Science Basis (IPCC, 2007),
which is a product of Working Group |. More
specifically, they are drawn from Chapter 2 of the
2007 report, Changes in Atmospheric
Constituents and in Radiative Forcing, which
assesses human and natural contributions to
radiative forcing from pre-industrial times to the
present.

Formation of Contrails

and Contrail Cirrus

Persistent linear contrails and contrail cirrus are
ice clouds in the category of thin cirrus. Contrails
are formed several miles above Earth’s surface in
the exhaust of jet engines and consist primarily of
condensed atmospheric water vapour. Persistent
contrails are those that last for minutes to hours
after formation, which requires high humidity in
the air surrounding the flight track. As a conse-
quence, contrails generally form at low atmos-
pheric temperatures (lower than 40°C). Small
particles in the atmosphere or those emitted in
the engine exhaust are also required for contrail
formation. Since small particles are ubiquitous in
the atmosphere, it is the humidity in the atmos-
phere along an aircraft flight track that primarily
determines when and where persistent contrails
form. The formation of a persistent contrail can
be accurately predicted for individual aircraft if the
engine type and atmospheric conditions are
known (e.g., IPCC, 1999). Contrail cirrus, some-
times called induced cirrus, is defined as cloudi-
ness that evolves or spreads from persistent lin-
ear contrails, creating cloud cover that exceeds
that of the initial contrail. The spreading can only
occur in regions that have high humidity similar to
that where the contrails are formed.
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IPCC Results

The principal graph from the IPCC special report
on aviation (IPCC, 1999) summarizing climate
effects for the 1992 global fleet is shown in Figure
3. The bars in the figure represent the best esti-
mate of the radiative forcing! for each contribut-
ing factor, and the error bars show the estimated
uncertainty. Radiative forcing is a formal, quantita-
tive measure of the potential of climate change
from each contributing factor (IPCC, 2007).
Positive radiative forcing leads to heating of the
Earth’s atmosphere and surface, and a negative
forcing leads to a cooling.

Clouds can both heat and cool the atmosphere
and Earth's surface, depending on their altitude
and radiative properties. The net effect of cirrus
and contrail cirrus at aircraft cruise altitudes is
generally to trap Earth’'s thermal radiation, leading
to a warming. In 1992, contrails had an estimat-
ed positive forcing of 0.02 W m2 with a large
uncertainty (0.005 — 0.06). The contrail percent-
age of the total radiative forcing from aviation was
about 40%. Although no best estimate was
established then for contrail cirrus, labeled as ‘cir-
rus clouds’ in Figure 3, the dashed line shows the
expected range of the best estimate.

Since 1999, aviation emissions have grown as a
result of increases in air traffic. Aviation impacts
have been reassessed in whole or part in a num-
ber of studies. Notable among these is the
European Union TRADEOFF project that reevalu-
ated all of the factors in Figure 3 (Sausen et al,,
2005). The updated radiative forcing values for
contrails decreased from the 1999 values, prima-
rily as a result of more accurate methods of cal-
culating contrail cover and estimating their radia-
tive properties. The 2007 IPCC assessment
included a new value for contrail radiative forcing,
which is shown in the summary in Figure 4. This
figure shows the important human and natural
terms in climate forcing from pre-industrial times
to 2005, categorized here as cooling terms and
warming terms. Accumulated carbon dioxide
(CO,) is the primary warming term, but there are
significant cooling terms associated with clouds
and aerosols. The persistent contrail term is less
than 1% of the total from human activities.

Figure 2 — Persistent contrails spreading to form contrail cirrus as viewed from
the ground from a location in suburban Washington, DC, USA (EPA Contrail
Factsheet).
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Figure 3 — Estimates of radiative forcing from subsonic aircraft emissions in
1992. Bars are best estimates of globally and annually averaged values. Error
bars are the 67% probability range for each estimate. No best estimate is
available for contrail cirrus (labeled cirrus clouds). The scientific understand-
ing for each component is indicated at the bottom of the graph. (IPCC, 1999).

1 Radiative forcing: a measure of change in climate impact. A parameter often used to compare the climate impact of

the different gases and particles.
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Figure 4 — Globally averaged radiative forcing estimates and ranges for anthropogenic increases in principal greenhouse
gases (carbon dioxide (CO,), methane (CH,), nitrous oxide (N20)) and for other important agents and mechanisms
between pre-industrial times and the present (2005). Also shown are the typical geographical extent (spatial scale) of
the forcing and the assessed level of scientific understanding (LOSU). The total net anthropogenic radiative forcing and
its range are also shown. The change in solar irradiance represents a natural climate-forcing agent. (IPCC, 2007; Figure

SPM-2).

IPCC 2007 Estimates of the Radiative
Forcing From Aviation Cloudiness
Radiative forcing estimates of aviation cloudiness
depend on two key factors: the geographic extent
of cloudiness and the contrail radiative properties.
To estimate persistent contrails cover one needs
to know the formation conditions and traffic
amounts along aircraft routes. Estimating total
contrail cover is generally done by careful evalua-
tions in selected regions that are then extended
to the globe. Europe is an important example of a
well-studied region for air traffic effects as high-
lighted in Figure 1. Global cover requires predict-
ing humidity distribution at cruise altitudes
because contrail formation depends on humidity.
The uncertainty in predicting humidity causes
global contrail cover to be uncertain. The radiative
forcing or climate impact from contrail cover
requires defining the radiative properties of the
calculated contrail cover. These properties
account for how contrail ice particles absorb
and/or reflect solar radiation and heat radiation
from Earth's atmosphere and surface. These prop-
erties are also uncertain, in part because of the
variability in contrail properties that results from
the variability in formation conditions (e.g., tem-
perature, humidity, winds) in air traffic regions.

In the 2007 IPCC assessment, the estimated
radiative forcing of the 2005 aviation fleet is 0.01
W m2 with a factorof-three uncertainty (see
Figure 4). The new value is one half of the 1999
IPCC estimate, as illustrated in Figure 3, and also
has a lower uncertainty. The downward adjust-
ment is due to refined estimates of contrail cover
from satellites and cloud radiative properties. It is
important to note that the 1999 and 2007 esti-
mates are for air traffic in 1992 and 2005, respec-
tively. Since air traffic increased substantially
between 1992 and 2005, the climate sensitivity
to contrail cloudiness decreased by more than
the reduction in radiative forcing estimates.

Predictions of the climate impact of contrail cirrus
are more difficult than predicting persistent con-
trails. The latter spread to form contrail cirrus due
to winds and wind shear along aircraft flight
tracks. Predicting precise wind conditions in flight
corridors is an uncertain process. The uncertain-
ties in the radiative properties of contrail cirrus are
similar to those of persistent contrails. As a
result, estimates for contrail cirrus cover are suf-
ficiently uncertain that only a range of best esti-
mates was provided in IPCC 1999 (0 - 0.04 W
m2) and no best estimate was provided in IPCC
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2007 However, current estimates of contrail cir-
rus are near 0.030 W m=2 with a range of 0.01 -
0.08 W m2, strongly reinforcing the IPCC 1999
conclusion that the climate contribution of con-
trail cirrus cannot be neglected. A major limitation
in the evaluation of contrail cirrus is that, as con-
trail spreading continues, contrail cirrus eventual-
ly becomes indistinguishable from background
cirrus cloudiness. Furthermore, scientists cannot
be certain that clouds would not have naturally
formed in the region of contrail cirrus if a persist-
ent contrail had not been formed.

Aviation Aerosol

Aviation aerosol? is a source of sulfate and black
carbon (soot) aerosols found in the upper tropo-
sphere and lower stratosphere. Aviation aerosols
accumulate in these regions before natural
processes remove them. Increased aerosol acts
to warm or cool the atmosphere depending on
aerosol composition and can also alter cloud
processes in the atmosphere. The aviation
aerosol sources of both soot and sulfate have
been evaluated in mass units as small in compar-
ison to the total masses present from other natu-
ral and human sources. As a consequence, the
direct warming or cooling of climate is small from
the accumulation of these aerosols, as shown in
IPCC 1999 and in Figure 3. In IPCC 2007 no sep-
arate evaluation was made of the direct aerosol
effects of aviation.

In contrast to aerosol mass, the increase in the
number of aviation soot aerosols is significant in
comparison to other natural and human sources.
Studies show that aviation increases the number
of particles in large regions of the upper atmos-
phere, particularly in flight corridors. Further,
these studies indicate that increases in soot
aerosol numbers can potentially change how
clouds form and the optical properties of the
clouds. Cloud effects are considered an indirect
effect on climate, similar to the formation of con-
trail cirrus. Large uncertainties are associated
with these indirect effects. Reducing these
uncertainties is important for our understanding
of the effects of black carbon from aviation and
from all other anthropogenic and natural sources
of black carbon, such as burning of fossil fuels
and biomass burning.

Conclusion

The IPCC international assessment process has
significantly contributed to the evaluation of the
effect of aviation on the Earth's atmosphere.
Increased cloudiness from persistent contrails
and contrail cirrus is a fixture of global aviation
operations and will remain so in the foreseeable
future.

For 2005 aircraft operations, persistent con-
trails added about 0.01 W m2, with about a
factorof-three uncertainty, to climate forc-
ing from human activities. This is less than
1% of the total climate contribution from
CO, increases and of the total anthroprog-
enic radiative forcing. The contrail contribu-
tion has been revised downward by about a
factor of two from the 1999 IPCC assess-
ment due to improved estimates of contrail
cover and cloud radiative effects.

Contrail cirrus is an additional radiative forcing
component, but currently has no best estimate.

Finally, aviation soot aerosol is expected to
increase the number of atmosphere particles in
the upper atmosphere, which can potentially
change cirrus cloud properties.
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Climate Impact of Aviation

The climate impact of aviation! has been receiv-
ing increased attention, in particular, since the
European Commission published a proposal to
include aviation in the European Emission Trading
System, and even more, since IPCC published its
Fourth Assessment Report on Climate Change.
The global aviation fleet currently contributes
about 2% of all man-made carbon dioxide (CO,)
emissions. However, like other sources, aviation
also emits other gases and particles affecting the
climate.

Therefore, several questions arise: How can avia-
tion impact climate? What is particular about avia-
tion-induced climate change? What is the ratio
between the total contributions and those from
CO,? How can we reduce the climatic impact of
aviation?

Radiative Forcing

Aviation emits gases and particles which change
the composition of the atmosphere or change
clouds and hence disturb the radiation balance of
the Earth. In particular, aviation emits the green-
house gases CO, and H,O (water vapour).
Aircraft also emit nitrogen oxides (NO,). Through
photochemistry in the atmosphere, the additional
NO, enhances the formation of ozone (O3) and
destroys methane (CH,). Both, O3 and CH, are
greenhouse gases.

The water vapour emitted by an aircraft at cruise
altitude can trigger the formation of contrails.
Contrails are initially visible as line-shaped clouds.
In cold and moist air masses, contrails may
spread and in some cases eventually form so-
called contrail cirrus, which resemble natural cir-
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Figure 1 — Aviation-Related Radiative Forcing.

RF [mW/m?2] from aviation for 1992 and 2000, based on IPCC (1999) and results of the TRADEOFF project (Sausen et
al., 2005). The whiskers denote the 2/3 confidence intervals of the IPCC (1999) value. The lines with the circles at the
end display different estimates for the possible range of RF from aviation-induced cirrus clouds. In addition, the dashed
line with the crosses at the end denotes an estimate of the range for RF from aviation induced cirrus. The total does
not include the contribution from cirrus clouds. The level of scientific understanding is indicated by the subjective grades
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1 This article was produced initially for ASD Focus, Summer 2007 “Meeting the Challenges”
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rus clouds. Finally, aviation induces aerosols (soot
and particles formed from sulfur oxides). These
aerosols may interfere with the atmospheric radi-
ation directly or indirectly after modifying clouds.

The magnitude of the perturbation of the atmos-
phere’s radiative budget is measured by radiative
forcing (RF). A positive RF warms the atmos-
phere, a negative RF cools. For constant RF, after
many decades, the Earth approaches a new cli-
mate, with a changed global mean temperature at
the Earth surface approximately proportional to
RFE Therefore, RF is used as a metric to compare
the relative strengths of various perturbations to
the atmosphere.

In 1999 the IPCC Special Report “Aviation and the
Global Atmosphere” showed a first estimate of
the aviation related radiative forcing. An update to
those estimates was provided in 20052. Figure 1
displays the results; the red bars show the most
recent estimate. The largest contributions come
from CO,, O3, contrails (all positive, warming) and
CH, (negative, cooling). Small contributions are
from H,0, direct sulfate aerosol and direct soot
aerosol. As can be seen from Figure 1, the total
aviation-induced radiative forcing RF is about
twice that from CO,. Note that no best estimate
for RF from cirrus clouds (beyond contrails) is pro-
vided due to presently poor knowledge. The total
amounts to about 3% of the radiative forcing
from all man-made activity since the 18th centu-
ry, with a substantial uncertainty. The largest
uncertainty comes from aviation contributions to
changes in cirrus clouds, which are therefore not
included in the total.

Impact of Emissions

Carbon dioxide has an atmospheric lifetime of
more than 60 years and becomes well-mixed dur-
ing this period regardless of where the emission
occurred. Hence, CO, emissions from aviation
have the same effect as CO, emissions from
other sources. However, the RF caused by other
emissions depends strongly on where and when
they are emitted.

Because of a longer lifetime and lower ambient
pollution, a NO, molecule emitted at cruise alti-
tude (8 - 14 km) produces a larger amount of Oj
than when emitted at the Earth's surface. As the
atmospheric temperature at cruise altitude is
lower than at the Earth's surface, the radiative
forcing per unit ozone is larger than the RF from
the same amount of ozone near the surface (e.g.,
from road transport).

Contrails and cirrus clouds only form at the low
temperatures typically occurring at cruise alti-
tudes. Long-lived contrails occur mainly in the
humid and cold regions near and below the
tropopause. Thin cirrus clouds and contrails most
probably cause a positive RF.

Non CO, Effects Under Scrutiny
International aviation and international shipping
are not included in the Kyoto Protocol because
the parties could not agree on a national alloca-
tion of emitters during the negotiation of the
Kyoto Protocol. Therefore, the parties asked the
respective UN specialized agencies, ICAO and
IMO to find a solution to the allocation problem,
which has not yet been achieved.

Recently, the European Commission has devel-
oped a scheme on how to include aviation
(domestic and international) in its Emission
Trading Scheme. In this context, how to include
the non-CO, effects of aviation into such a
scheme, has been discussed.

Is there a good method to account for the non-
CO, effects of aviation? One question is how to
weigh the non-CO, effects in relation to the CO,-
induced climate change. One might be tempted
to use the ratio between the total aviation-
induced RF, relative to the RF only from the CO,
emissions of aviation, the so-called Radiative
Forcing Index (RFI). However, RF is a backward
looking metric, i.e., it accounts for all the effects
of processes that happened in the past. For
example, aviation RF for the year 2000, as dis-
played by the red bars in Figure 1, accumulates all

2 Sausen, R., I. Isaksen, V. Grewe, D. Hauglustaine, D.S. Lee, G. Myhre, M.O. Kéhler, G. Pitari, U. Schumann, F. Stordal
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contributions of aviation since 1940 weighted
with the lifetime of the various emission species.
While RF from NO,-induced ozone and contrails
was essentially only from air traffic in 2000, RF
from CO, is from the accumulated CO, since
1940. For constant air fleet and aviation emis-
sions, RF from ozone and contrails were con-
stant, but aviation CO,-induced RF would grow
because CO, would further accumulate.
Therefore, neither the total aviation-induced RF
nor the RFI are suitable measures to weigh the
non-CO, climate effects of aviation.

The fact that RF at a given time does not include
any information about the atmospheric lifetime of
a perturbation to the atmosphere, is one of the
reasons why RF was not used in the Kyoto
Protocol to weigh non-CO, gases, i.e., to transfer
them into equivalent CO,. The Kyoto Protocol
rather makes use of the Global WWarming Potential
(GWP), which is the time-integrated RF arising
over a given time horizon (100 years) from a unit
emission of a particular gas, normalized by the
time-integrated RF from unit CO, emission. In
this way the individual lifetimes of the various
gases are considered.

Further Research

The GWP concept cannot be applied directly to
aviation, mainly because the atmospheric life-
times of important aviation effects are much
smaller than the lifetimes of the Kyoto gases.
Among the Kyoto gases, CH, has the shortest
lifetime, in the order of 10 years. In the case of
aviation we also deal with phenomena, which
only last for a few hours, such as contrails.
Moreover, the aviation-induced climate effect
depends not only on the magnitude of the emis-
sions but also on geographical region and alti-
tude, and daytime and season of the emissions.

Currently, several proposals for the inclusion of
the non-CO, effects are being discussed in the
science community, including time-integrated RF
from an aviation induced perturbation of the
atmosphere or the temperature change resulting
from such a perturbation after a certain time, e.g.,
after 100 years. The integrated RF would be in
analogy to the GWP currently applied by the
Kyoto Protocol. The temperature change would
more directly measure the contribution of the
perturbation to long-term global climate change.
Proper methods to account for the climate effects
of non-CO, effects have still to be established,
and further research must be undertaken to
reduce uncertainties.

A scientifically sound solution for the inclusion of
non-CO, effects in an emissions trading scheme
(or other approaches) would eventually call for
something other than a simple multiplication fac-
tor. Such a simple multiplication factor would
weaken incentives to reduce the total climate
impact beyond a reduction of the fuel consump-
tion, i.e., there would be no benefit in reducing
non-CO, effects.
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Comparing Effects of Different Aircraft

Emissions on Climate

This article presents an overview of the scientific
consensus to-date of the effects of aviation emis-
sions on climate change in the context of how the
information should be used in evaluating the envi-
ronmental benefits of technology improvements
and changes in operations.

There are three steps in the process of evaluating
climate impacts, each with uncertainties: the
emissions, the changes in ambient air concentra-
tions of greenhouse gases or cloud cover, and the
actual climate impacts (i.e. radiative forcing and/or
responses such as change in surface tempera-
ture).

Background

The Intergovernmental Panel on Climate Change
(IPCC) is the premier international organization
established by the World Meteorological
Organization (WMO) and United Nations
Environmental Program (UNEP) to assess the
problem of global climate change. It provides a
consensus view and policy-relevant scientific
information on our latest understanding of causes
and impacts of climate change including mitiga-
tion options and measures.

The impact of aviation on climate was addressed
by the IPCC Special Report on Aviation (IPCC,
1999). The issues were revisited briefly in subse-
quent climate assessment reports (IPCC, 2001;
IPCC, 2007). In the IPCC process, expert panels
review the peerreviewed results from top
research groups to synthesize a consensus view
on different aspects of climate change. An individ-
ual chapter usually involves many contributing
authors, and is twice reviewed by a wider scien-
tific community and finally discussed and agreed
on by government representatives.

This article includes updated results from peer
reviewed literature. However, one should keep in
mind that those results have not gone through
the more rigorous process as implemented by
IPCC. Currently, project ATTICA commissioned by
the European Commission is in the process of
reviewing the impact of the transport sector
(including aviation) on climate change and ozone
depletion. Findings from the ATTICA could pro-
vide additional inputs for the ICAO/CAEP impact
assessment activity.
(http://www.pa.op.dir.de/attica/)

Radiative Forcing and

Climate Change

Radiative forcing (RF) is a parameter often used to
compare the climate impact of different gases
and particles (see e.g. IPCC, 1999). RF (here
measured in milli Watts per square meter, mW m-2)
expresses an instantaneous change in the energy
balance of the earth-atmospheric system result-
ing from a perturbation in concentrations of green
house gases (GHGs) in the atmosphere. A sus-
tained positive radiative-forcing imposes a warm-
ing effect, a negative radiative-forcing, a cooling
one. Carbon dioxide is the most important GHG
because of the large quantities released and the
long residence time of this gas in the atmos-
phere. Its RF is well known.

Due to the long residence times (i.e. several
decades or longer), GHGs such as CO, are well-
mixed (WM) and the changes in concentrations
are independent of where the gas is emitted.
Once emitted, the forcing will persist for decades
or centuries, and even if emissions were to
cease, the temperature effects would persist
even longer.

For reference; change in forcing due to accumula-
tion of WM GHGs emitted from industrial activi-
ties is estimated to be 2500 mW m2. For exam-
ple, it is estimated that a future doubling of CO,
will lead to a change in forcing of about 4000 mW m-=2
and a global average surface warming of some-
where from 1.5 to 4.5 degree Celsius.

For these long-lived GHGs, the steady state tem-
perature change for a sustained forcing is expect-
ed to be proportional to the RF, with approximate-
ly the same (~20%) proportionality constant for
allWM GHGs. The CO,-equivalent impact of other
long-lived GHGs, developed under UNFCCC and
as used in European Emissions Trading Schemes
(ETS), is based on global warming potential
(GWP) with a specific integration time horizon.
For example, an integration time horizon of 100
years (GWP-100 weighted) gives the equivalence
mass of CO, that would have the same cumula-
tive forcing 100 years following the emission.
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IPCC acknowledges that there are much greater
uncertainties associated with evaluating the cli-
mate impacts from short-lived gases with a life-
time typically less than 1 year. RF of short-lived
gases depends also on the spatial pattern of the
emissions and when the emissions occur.
Because only a small fraction of the NO, emitted
at the ground is transported to the upper tropo-
sphere, NO, emitted by aircraft at cruise altitudes
has a much larger impact on ozone in the upper
troposphere than the same amount emitted at
ground level.

Changes in concentrations will also be most sig-
nificant near flight routes and therefore have a
more regional effect on climate. It is unclear
whether the global average temperature
response to the global average forcing will bear
the same relationship as the long-lived GHGs. For
these reasons, there are conceptual difficulties in
using a GWP for NO,/O5 as the chemical (and
thus RF) effect varies in space (i.e. location, alti-
tude). Finally, using 100-year integrated forcing
would artificially spread the effects over 100 years
and would not capture the short-term impacts of
those forcings that really occur only in the first
couple of years.

Radiative Forcing From

Cruise Emissions

Emission inventories for aviation emissions at
cruise altitude are calculated using fuel use and
emission indices (g of pollutants emitted per Kg
of fuel use). Aircraft engine emissions consist of
(by mass) 70% CO, (carbon dioxide), 30% H,O
(water), and less than 0.5% NO, (nitrogen oxide),
CO (carbon), SO, (sulphur), UHC (unburned
hydrocarbons), and soot. These emissions lead to
changes in ambient concentration of the emitted
species (e.g. CO,), and indirectly to changes in
concentrations of other species through photo-
chemical interactions (changes in concentration
of Oz and CH, as a result of NO, emissions). For
CO,, H,O, and essentially for SO,, the amount
emitted into the global atmosphere is directly pro-
portional to fuel use, implying that 90% of the
emission occurs during, other than landing and
takeoff operations (LTO). NO, emissions depend
strongly on engine power settings, with much
larger emission indices occurring during LTO
operations. Approximately 60% is emitted at
cruise altitudes. It is likely that LTO emissions
around specific airports only have a small effect
on global concentrations of Oz (Tarrason et al.,
2004). In addition, aircraft in the cruising phase of

flight cause contrails under certain environmental
conditions that may, in turn, develop contrail cir-
rus, enhancing cirrus cloud cover. Contrails occur-
ring at night have a larger net forcing than those
during the day because the compensation from
reflected sunlight is absent.

CO, emitted by aircraft at cruise altitudes has the
same effect as CO, emitted by a source at ground
level. Fuel use for aviation in 2000 was 2% of all
combustion sources, and accounted for 12% of
the emissions for the transport sector alone. RF
associated with CO, is well understood and its
effects can be directly related to CO, emitted by
other sources.

For the following three short-lived species, the RF
will depend on the location of emission (flight
path) in addition to the total fuel use:

Water Vapour

The release of water vapour into the free tropo-
sphere by subsonic aircraft has little effect on RF
because of the copious amount of water already
in this part of the atmosphere. However, water
vapour (and particulate matter) emitted into the
upper (cold) regions of the troposphere often trig-
gers the formation of line-shaped contrails, which
tend to warm the earth's surface. Persistent con-
trails may also disperse to form (optically thin) cir-
rus clouds (called contrail cirrus), which could
have an additional warming effect. The direct RF
of H,O and the RF of linear contrails (for a given
contrail coverage) is fairly well known, however,
the RF associated with contrail cirrus is highly
uncertain. In addition, prediction of contrail cover-
age and cirrus remain a challenge. The residence
times of water and contrail in the upper tropo-
sphere are of the order of days, and hours respec-
tively.

Sulphate and Soot Aerosols

These have a much smaller direct forcing effect
compared with other aircraft emissions. Soot
absorbs heat and has a warming effect; sulphate
reflects radiation and has a small cooling effect. In
addition, accumulation of sulphate and soot
aerosols might influence the formation and the
radiative properties of clouds. Direct RFs are fair-
ly well known; however, indirect RF through
changing cloud properties is highly uncertain.
Additional uncertainties are due to the lack of
knowledge about the emission indices of soot.
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Table 1- Radiative forcing (RFs) [mW/m?2] due to aviation CO, emissions from historical operation of the subsonic fleet

in the year 1992 as reported by IPCC (1999).

Emission/ RF/Range*

Concentration [mW/m?2] Remarks

C0O,/CO, 18 /13 to 23 Instantaneous forcing due to a change in CO, concentra-
tion of 1 ppmv resulting from cumulative CO, emission
from historical operation of the fleet to 1992. For compar-
ison, the change in CO, concentration from 1992 emission
is 0.07 ppmv.

NO,/O3 23 /13 to 45 Instantaneous forcing from changes in concentration due
to the steady-state response of the atmosphere to a per

NO,/CH,4 -14 /-44 to -4 sistent operation of a fleet with 1992 emissions. Typical
time to reach steady-state is a few months for O3, about
10 years from CH,.

H,O0/ H,0O 1.56/151t03 Instantaneous forcing from changes in concentration due
to the steady-state response of the atmosphere to a per

SOx,PM/SO, -3/-51t00 sistent operation of a fleet with 1992 emissions. Typical
time constant is weeks.

Soot/ Soot 3/2t08

H,O, PM/ 20 /0.5 to 60

Contrails, cirrus

*The ranges shown represent a subjective estimate (as cited in the IPCC report) that there is a 67 % probability that the
true value falls within the range. The uncertainties arise from a combination of the uncertainties in predicting the change

in concentration and in predicting the environmental impact from a given concentration change.
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Figure 1 - Instantaneous radiative forcing (RF) [mW/m2] from cumulative emissions of the historical fleet for 1992 and
2000, based on IPCC (1999) and TRADEOFF results (Sausen et al., 2005). The whiskers denote the 2/3 confidence inter-
vals of the IPCC (1999) values. The lines with the circles at the end display different estimates for the possible range of
RF from aviation induced cirrus clouds. In addition, the dashed line with the crosses at the end denotes an estimate of
the range for RF from aviation-induced cirrus. The total does not include the contribution from cirrus clouds. Figure taken

from Sausen et al. (2005).
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Nitrogen Oxides

Although nitrogen oxides are not in themselves
GHGs, they produce an indirect radiative forcing
by changing O (Ozone) and CH, (Methane) con-
centrations in the atmosphere. Nitrogen oxides
are chemically reactive gases, which produce Oj
under the influence of sunlight. As a conse-
quence of complex tropospheric chemistry, NO,,
also reduces the ambient atmospheric concentra-
tion of CHy. The RFs of Oz and CHy are fairly well
known, of similar magnitude but opposite sign.

Table 1 and Figure 1 summarize estimates of
instantaneous RF and the uncertainties from
changes in concentrations of CO, from historical
aircraft emissions reported by IPCC (1999), and
from changes in concentrations of other species
corresponding to the steady-state response to
the persistent application of the 1992 fleet emis-
sion. A recent study by Sausen et al. (2005)
showed that the magnitude of the O3 and CH,
responses are respectively 25% and 50% small-
er than those estimated by IPCC (1999). The
results for soot and contrails are 1.6 and 3 times
smaller, respectively. These values are consistent
with the uncertainty estimates provided in the
IPCC report.

Tradeoffs

Reducing emissions across the board is one way
to minimize climate impacts. Unfortunately,
designs and/or operations that reduce one emis-
sion may have negative impacts on other emis-
sions. This is the reason why one must consider
trade-offs in such designs. Uncertainties associat-
ed with estimating the impacts play an increas-
ingly important role in trade studies as one
includes more dissimilar forcing (e.g. long-lived vs
short-lived, etc.) in the trade space. The scientific
consensus that warming from well-mixed GHGs
is proportional to radiative forcing allows one to
consider the trade-off among well-mixed GHGs
without having to account for the uncertainties
associated with the relation between forcing and
the climate impact. If one considers the trade-offs
among CO,, NO,, H,O and PM emissions at
cruising altitude, the outstanding science ques-
tion is whether RF (instantaneous or cumulative)
from short-lived GHGs (NO,, H,0, and PM emis-

sions), and their effects on ozone and contrails,
can be used as a proxy for temperature response
in the same way as it is done for well-mixed
GHGs (CO,). Therefore, the development of a
separate metric for short-lived GHGs was neces-
sary to address policy questions regarding their
environmental impact. Wit et al. (2005) provided
an example of how this problem could be
approached. This is one area where Science must
provide critical input.

There have been discussions on how to use the
forcing values given in Table 1 in trade-off studies.
In any case, the figures provided in Table 1 must
be used with care for two reasons:

1. The numbers are RF related to the changes in
concentrations associated with cumulative
emissions from the historical fleet or steady-
state response to persistent application of the
annual emissions, rather than annual emis-
sions.

2. They are based on instantaneous forcing and
do not account for the difference in persist-
ence between long-lived and short-lived GHGs.

An alternative way to look at relative impacts of
long-lived and short-lived GHGs is to compare the
effects of emissions associated with one year of
operation of a fleet.

With appropriate scaling, the values in Table 1 and
Figure 1 confirm that instantaneous forcing from
either the ozone effect of NO, emissions, or the
forcing of contrails is much larger than the forcing
from the annual CO, emission. Yet if one inte-
grates the forcing long enough (say over 20
years), the integrated CO, forcing will be larger. If
one uses integrated temperature response (see
e.g. Lim et al. 2007; Shine et al. 2007), the cross-
over point will occur after 50 years. Thus, whether
CO, or NO, emission has a larger climate impact
depends on the choice of integration time hori-
zon. This choice is a policy decision.
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Conclusions

Based on the foregoing discussion, a number of
conclusions can be drawn about the effects of air-
craft emissions on climate:

e Both CO9 and NO, emissions remain impor-
tant.

e The climate impact of a pulse emission of a
GHG should be integrated over time to proper-
ly capture its long-term effect. If the integrated
temperature response is used as the metric,
there is evidence that the warming from Oy
production associated with NO, emissions
could be more important in approximately the
first 50 years, while over longer timescales
CO, becomes more important. The choice of
period for integration time is a policy decision.

e There are significant uncertainties associated
with the predicted climate impact of contrail
and contrail cirrus, which could potentially be
important. It is apparent that technological
changes in engine development offer little
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Reducing Aviation Global

Climate Emissions:

The Role of Manufacturers and Technology

Aircraft engine and airframe manufacturers, in
collaboration with research organizations and
other stakeholders, continuously strive to develop
innovative technology and design highly perform-
ing products to respond to the evolving demand
for transporting people, goods and services,
while achieving this mission in the safest and
most cost-effective and environmentally-friendly
manner. This task involves the compromise of
many challenges of differing natures, related in
particular to technical, safety, economic and envi-
ronmental issues. Nonetheless, noteworthy
progress has been made to reduce the effects of
aviation emissions on global climate largely
through technological innovations. This article dis-
cusses the role manufacturers have played and
continue to play towards achieving such improve-
ments.

Aircraft Fuel Efficiency Improvements
In parallel with the aviation industry’s natural
vocation to develop high-performing products
that respond to everincreasing demands, market
forces have always ensured that fuel burn and
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Figure 1 - Aircraft fuel efficiency trends.

Source: IATA

associated CO, emissions have been kept to a
minimum for reasons of efficiency. Designing a
product able to fulfil its mission safely with the
lowest fuel consumption is a fundamental impe-
tus behind reducing CO, (and other) emissions
for each new aircraft type. This is the reason why
aircraft engine and airframe manufacturers are
always looking ahead at technological solutions
that will enable significant environmental
improvements. This is supported by extensive,
continuous, and consistent research pro-
grammes. In fact, generation after generation of
aircraft have shown impressive weight reduction
results due to improvements in: materials, manu-
facturing processes and systems, aerodynamics,
engine performance, and advances in specific
combustion and acoustic focused technologies.

As a result, remarkable results have been
achieved, not only without compromising the
standards of safety and reliability, but by actually
raising those to the highest levels. To give an
order of magnitude of the reductions in CO,
emissions; a 70% reduction in fuel consumption
was achieved between 1960 and 1990, thus more
than tripling fuel efficiency during that period.
From 1990 to 2004, that trend continued to the
point where it is estimated that fuel efficiency in
the commercial aviation fleet quadrupled from
1960 to 2004 (Figure 1).

As mentioned above, fuel efficiency gains result
from a continuous flow of new and improved
design features and technologies, which are hall-
marks of the constantly evolving and innovative
high-technology focused aviation industry. The
mindset of continuous improvement through
innovation is one that is deeply ingrained in the
cultures of both manufacturers and operators in
the aviation industry. Improved operational prac-
tices and enhanced air traffic management (ATM)
systems and procedures also contribute to the
overall efficiency improvements.
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The most recent results from the International Air
Transport Association (IATA) (Figure 1) show that
the improvement trend continues. In addition to
acquiring new modern high performance aircraft
and engines, operators are investing in various
fuel economy-related operational measures as
another way to deal with challenging economic
times in the industry. There is believed to be sig-
nificant potential there, with manufacturers, ICAO
and other stakeholders, striving to exploit all avail-
able means.

An additional example of technological progress
with respect to reducing aviation emissions is
shown in Figure 2. This figure illustrates progress
of actual and projected specific fuel consumption
(SFC) improvement trends from 1980 to 2010. As
can be seen, the SFC of engines is projected to
be significantly lower than it was in 1980.

Design Considerations

of Manufacturers

Improvements in aircraft fuel efficiency are inex-
tricably linked to how aircraft engine and airframe
manufacturers design their products. The con-
cepts, the design criteria, the design optimization
and the technology transition processes, are all
tightly interconnected. Design features are gener-
ally linked to products and the associated aircraft
configuration. There is a fine line between tech-
nology and design, since both often evolve in tan-
dem, rely on each other, and interact through mul-
tiple interconnected domains and disciplines.
These interactions usually increase as a product
is developed. Simultaneously, product innova-
tions are permanently introduced through design,
simulation, modelling, testing, and validation
tools. The optimization processes and trade-offs
involve iterative loops at the technology, design,
and product levels.

Throughout the process of merging technology
elements and design features that lead to final
product optimization, fuel efficiency and emission
considerations, as well as noise, are major
drivers. However, environmental solutions must
remain compatible with all other major design
requirements (i.e. performance, operability, relia-
bility, maintainability, durability, costs, comfort,
capacity, timing), with safety obviously remaining
the overarching requirement.

Any new aircraft-related component designs
need to strike a balance between being techno-
logically feasible, economically reasonable, and
environmentally beneficial. Focusing on the envi-
ronmental requirements, there is also a balance
needed in order to ensure that each new aircraft
will bring environmental performance improve-
ments across three dimensions: noise reduction,
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Figure 2 — Typical SFC Trend Line Over Time
Source: General Electric and Rolls-Royce.

emissions reduction, and minimized environmen-
tal life-cycle impacts. For instance, increasing the
fan diameter of an engine would normally result
in a noise reduction. However, since this implies
adding weight and drag, it may also result in an
increase in fuel consumption. Similar balances
would have to be addressed for other require-
ments.

Stable Regulatory Framework and
Dependable Scientific Knowledge

It takes approximately 10 years to design an air-
craft. An aircraft type can be produced for 20 to
30 years with each aircraft being in service for 25
to 40 years. In such a long life-cycle industry,
today's choices and solutions must be sustained
over decades. Therefore, in order to make deci-
sions to invest in future technologies, aircraft
engine and airframe manufacturers need a stable
international regulatory framework based on
dependable scientific knowledge. This will enable
the best technology balance to deliver the largest
environmental improvements across the noise,
emissions, and life-cycle dimensions. Improving
the scientific understanding of the atmosphere
and the impact of aviation emissions is key to
optimizing priorities and assigning weight factors
in prioritizing research, trade-offs, and mitigation
measures.

The role of the manufacturers is stimulated and
enhanced by their deep involvement in ICAO's
CAEP activities and by participating in the
achievements of that group in developing stan-
dards and recommended practices. The
ICAO/CAEP process provides a highly effective
international framework that facilitates harmo-
nization and fruitful cooperation at the global
level. Aircraft engine and airframe manufacturers
and their airline customers, therefore support sci-
entific research and contribute to atmospheric

2015
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studies by enabling the collection of data through
the placement of atmospheric measurement
devices on their aircraft to meet the needs of
research scientists. The manufacturers and
research organizations are also plan, create and
share their technological programmes and goals
with regulatory authorities and decision-makers,
and seek the collaboration of scientists whenever
appropriate. Research funding is obviously key in
this process.

Six Elements Towards

Technology Improvements

While the preceding text describes what technol-
ogy has permitted industry to accomplish global-

Unprecedented quantity of advanced materials
for weight reduction

% of composite malor sk

Figure 3 - Example of trend in the percentage of composites used.
Source: Airbus.

Table 1 — Six Strands of Technological Progress.
Source: ICCAIA
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ly to-date, this section focuses on six key ways (or
strands of progress) in which technology plays a
role in reducing aircraft emission impacts on glob-
al climate. These key elements explain how past
technological achievements were accomplished
and also cover some of the potential areas for
future improvements. The six key elements are:
1) Propulsion Systems, 2) Materials, 3) Structure,
Aero & Systems Design & Methods, 4)
Manufacturing Processes, 5) Aircraft Systems
and 6) Operational Procedures. Table 1 describes
each of these elements and shows how they
interact with corresponding factors such as
weight reductions, aerodynamic and engine per-
formance improvements, and operations - all
towards achieving reductions in aircraft emis-
sions. These elements illustrate the multiple
paths and opportunities often adopted by manu-
facturers to reduce emissions (e.g. propulsion
system, materials, systems design, etc.).

Although all six strands are of significant impor-
tance, the rest of this article focuses on Weight
Reductions as a typical example, illustrating the
progress achieved in reducing the impact of avia-
tion emissions (namely, CO,) on climate change.

Structural Weight Reductions

Figure 3 illustrates the increasing use of compos-
ite materials on successive airplane generations,
using the Airbus as a typical example. The use of
composites coupled with: other advanced materi-
als, loads alleviation, other systems optimiza-
tions, and new manufacturing techniques; result
in significant weight savings.
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Figure 4 shows an example of structural improve-
ments, involving the use of composites, other
advanced materials, and improved processes.

The subject of weight reduction is more complex
than it first appears, for a number of reasons:

e Composites are not the only important factor
involved in structural weight reduction.
Experience shows that the optimum weight
reduction depends on a combination of com-
posites, advanced alloys, advanced processes,
as well as improved overall structural architec-
ture.

e |mportant contributors, other than materials
and processes can also reduce the weight of
an airplane. For example, load alleviation sys-
tems.

e \Weight comparisons between different gener-
ations of airplanes are difficult to make and
often not meaningful. This is because all tech-
nologies and design practices evolve over
time, and the interpretation of gains estimated
by projecting newer aircraft back to a past con-
text is subject to interpretation. In addition, dif-
ferences in design objectives at different
points in time affect the characteristics and the
optimization processes and trades.

What really matters is the overall environmental
performance resulting from the combination of
aircraft concepts, integration, and optimization; in
relation to the product requirements.

Structural Weight Reduction Trends
Figures 5 and 6 illustrate, through some typical
examples, showing the gains in terms of structur-
al weight reduction and “structural productivity”
increases over time.

Systems Weight Savings
Figure 7 shows examples of weight savings asso-
ciated with aircraft systems.

Fuel Savings Associated With SFC,
Drag and Weight Reductions

The fuel saving resulting from SFC or drag reduc-
tion is in a ratio of about 1 to 1; that is, about 1%
block fuel saving or fuel efficiency increase for
1% SFC or drag reduction, although this varies
slightly with the size of the airplane and the flight
range. The fuel saving resulting from a structural
weight reduction is in a ratio of about 0.6 to 1; or
about 0.6% block fuel saving or fuel efficiency
increase for 1% of MWE (Manufacturer Weight
Empty), also varying slightly with the airplane size
and range. It is important to note that, irrespec-
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Figure 4 — Example of Structural Weight Reductions (A380).
Source: Airbus.
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tive of design trends, the weight, SFC and drag
improvements are not independent due to the
inherent physical relationships governing airplane
performance and flight mechanics.

Global Systems Approach

Technology cannot be considered in isolation. In
order to continue to benefit from the consider-
able efforts and resources invested to-date by the
manufacturers in the development of emissions
(and noise) reduction technologies and environ-
mental-friendly designs, it is essential that these
efforts be integrated with those of all stakehold-
ers, working together on a global scale. Such a
global systems approach is needed to identify
and define globally optimized solutions that take
into account all of the various interdependent fac-
tors. This requires an ongoing productive dialogue
as well as extensive cooperation among stake-
holders.

Technology is obviously a very important factor,
but will not be enough to address air transport
growth and environmental needs. All cost-effec-
tive means to improve environmental protection
need to be explored and exploited, in combination
with technologies, including operating proce-
dures, land-use management, airport infrastruc-
ture and equipment, ground systems and ATM.
This global systems approach which is illustrated
in Figure 8, puts these elements into a broader
perspective, together with other influencing fac-
tors including: scientific understanding, interde-
pendencies and trade-offs, and economic factors.
This actually defines a systems approach to emis-
sions management, leading to an even wider con-
cept encompassing all environmental aspects.
This implies having proper criteria and weight fac-
tors defined, and developing proper methodolo-
gies to analyze interdependencies.

Conclusions

The quest for efficient environmental solutions
and progress in aviation environmental protection
depends on a comprehensive and robust knowl-
edge base, complemented by technology
enablers and modelling tools and capabilities in all
relevant domains. This will require meaningful and
consistent investments of financial and other
resources to support the necessary research and
technology development. This quest will benefit
from combined synergies, cooperation, and an
integrated and balanced systems approaches, on
a global scale. This is a permanent dynamic
process that does present challenges. To make it
work, one must remain watchful, open, flexible,
and determined, in order to ensure meaningful
inputs at all time., This will enable efficient analy-
sis in support of responsible decision-making for
the future.
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Operational Measures

Operational Measures for Fuel
and Emissions Reductions
Applicable to Global Emissions

Through its Committee on Aviation Environmental
Protection (CAEP), ICAO has taken a number of
steps to pursue the limitation or reduction of avi-
ation emissions and to recommend appropriate
action. Upon ICAQ’s request, the Intergovern-
mental Panel on Climate Change (IPCC) prepared
a Special Report on Aviation and the Global
Atmosphere, issued in 1999.

That report indicated that air traffic management
(ATM) improvements and other operational meas-
ures could reduce total aviation fuel burn on a
global basis by between 8 and 18 per cent. The
report also identified existing national and interna-
tional ATM systems constraints that result, for
example, in aircraft having to fly in holding pat-
terns (e.g. while waiting for permission to land),
inefficient routings, and sub-optimal flight pro-
files. These constraints result in excess fuel burn
and, consequently, excess emissions.

According to the IPCC Special Report, addressing
only the ATM system constraints on the current
aircraft fleet and operations could reduce fuel
burned by 6 to 12 per cent. The Report stated that
the improvements needed for these fuel-burn
reductions were anticipated to be fully imple-
mented within a twenty-year time horizon, provid-
ed that the necessary institutional and regulatory
arrangements were put in place.

The IPCC Special Report identified other possible
operational measures for reducing the amount of
fuel burned per passengerkilometre such as:
increasing the load factor (carrying more passen-
gers or freight on a given aircraft), eliminating
non-essential aircraft mass/weight, optimizing air-
craft speed, limiting the use of auxiliary power
units, and reducing taxiing. The report concludes
that potential improvements to these areas could
reduce fuel burned and emissions by 2 to 6 per
cent.

ICAO Circular 303 — Operational
Opportunities to Minimize Fuel

Use and Reduce Emissions

Recognizing the potential for emissions reduc-
tions from operational measures, ICAO/CAEP
took it upon itself to ensure the development, dis-
semination, and to the maximum practical extent,
the use of best operating practices to achieve
nearterm reductions in aircraft emissions.
Operations covered are: aircraft ground-level and
in-flight operations, ground service equipment
(GSE), and auxiliary power units (APUs), with
potential actions to facilitate their broader applica-
tion. This task led to the preparation of ICAO
Circular 303, and in 2001 the ICAO Assembly
requested the Council to promote the use of
operational measures as a means of limiting or
reducing the impact of aircraft engine emissions.

The circular was developed by CAER with valu-
able contributions provided by representatives of
the majority of aviation stakeholders, including
the ICAO Secretariat, regulatory authorities, air
traffic management providers, airport operators,
manufacturers, airline associations and airlines.

The development of the circular focused on three
key issues:

1. Quantification of the benefits of CNS/ATM
measures;

2 Increased liaison with ICAQO’s planning and
regional implementation groups to help maxi-
mize the emissions benefits of regional
CNS/ATM implementation plans; and

3. Identification and discussion of operational
opportunities in the air and on the ground for
reducing fuel burn.

The circular identifies and reviews various opera-
tional opportunities and technigues for minimizing
fuel consumption, and therefore emissions, in
civil aviation operations. It is based on the prem-
ise that the most effective way to minimize air-
craft emissions is to minimize the amount of fuel
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used in operating each flight. It is aimed at air-
lines, airports, air traffic management and air traf-
fic control service providers, airworthiness
authorities, environmental agencies, other gov-
ernment bodies, and other interested parties.

The circular begins by reviewing the impetus for
minimizing fuel consumption in order to limit
engine emissions. Next, opportunities for
improvements at airports are considered. The cir-
cular then focuses on the historical record of fuel
saving in the civil aircraft fleet and the anticipated
continued improvement in aircraft fuel efficiency
in future. This is followed by the identification of
fuel-saving opportunities during ground-based
activities before flight, including both mainte-
nance and the reduction of aircraft mass. The pos-
sibilities for in-flight fuel saving are then consid-
ered, with particular focus on the input from air-
lines and air traffic services providers. The poten-
tial for increased efficiency through load factor
improvement is then reviewed. Finally, some spe-
cific examples are provided of changes that each
stakeholder (i.e. manufacturers, airlines, airports,
air navigation service providers, airworthiness
authorities, environmental agencies, other gov-
ernment bodies, and other interested parties)
could consider in order to minimize the amount of
fuel used.

Implementation of Circular 303

Each sector is responding to the challenge of the
measures detailed in ICAO Circular 303, and a
number of significant achievements have been
made including:

Manufacturers:

Manufacturers of airframes and engines have a
good record of environmental achievements.
They are continually developing more efficient
technologies and clean manufacturing processes,
leading to the reduction and control of energy
use, emissions, dangerous substances and
waste.

The results have been substantial:

e 70% reduction in fuel consumption/CO, emis-
sions per passenger/km,;

¢ Oxides of nitrogen (NO,) emissions have been
progressively reduced to meet four successive
increases in ICAO stringency standards;

e Carbon monoxide, hydrocarbons and smoke
have been virtually eliminated.

These results have been achieved while pursuing
noise reduction objectives and implementing
noise reduction design features and technologies.

From a design and manufacturing standpoint, all
manufacturers are pursuing technologies for
reduced emissions in light of the environmental
tradeoffs (e.g. noise). Improved aircraft and
engine designs and methodologies, the use of
composite and advanced materials and process-
es, and investigating options for alternative fuels
are but a few of the many examples of how man-
ufacturers are working to reduce aviation emis-
sions.

From an operational standpoint, manufacturers
are aware of and sensitive to the importance of
the operational factors. Manufacturers provide
guidance on optimal operating conditions so that
the maximum environmental benefit from all
design and technology advances incorporated
into the product can be realized. This is achieved
through several means, including: the design
itself, ground and flight testing, training, specific
documentation, as well as dedicated services to
operators covering the domains of ground, flight,
maintenance and overhaul procedures, and in par-
ticular:

1. Incorporating capabilities for monitoring, data
analysis, collection and transfer into the engine
and aircraft systems;

2. Supplying all relevant software tools, docu-
mentation and training (e.g. familiarization,
starting before Entry Into Service);

3. Monitoring and supporting the in-service activ-
ities, including periodic and ad-hoc visits,
audits and conferences, and taking any action
necessary to adapt and improve further the
product and procedures,

4. Supporting extensively the efforts made by
ICAO to promote best practices to reduce fuel
burn (e.g. documentation, workshops and
other dedicated CAEP activities).

This of course also addresses the environmental
interdependencies and tradeoff aspects in opera-
tions related to noise, fuel burn (climate), and
NO, (local air quality).

These efforts are part of the integrated systemic
approach from the manufacturers to better man-
age the whole environmental subject, targeting
simultaneously all fields of activity, every phase
of product life, all parts of the aircraft, and every
phase of aircraft operation (see previous article).
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Airports:

One of the key environmental policies developed
by member airports of the Airports Council
International (ACI) is to minimize or mitigate the
impact of aviation on climate change. ACI airports
have committed to take action to minimize green-
house gas emissions within their control and they
support the development of technologies that will
reduce aircraft emissions globally.

Some examples of actions being undertaken
include:

e Hong Kong International experiences signifi-
cant levels of air pollution from neighboring
China. To reduce local contributions of emis-
sions, the airport provides power and pre-con-
ditioned air to aircraft at the terminal gates, sig-
nificantly decreasing the need to run engines
on the ground and the APU's (auxiliary power
units). Such infrastructure is becoming com-
monplace at many Asian airports, following the
lead of Europe and North America.

e |n the US, many major airports are located in
areas that do not comply with certain national
ambient air quality standards. In these “non-
attainment” areas, any airport capacity expan-
sion project must be shown to not further
impair a region’s plans to achieve compliance.
At Dallas-Fort Worth airport, 100% of the light
and medium-size ground vehicles, including
the bus and shuttle van fleet, and 72% of the
heavy duty fleet, have been converted to alter-
native fuels. Together with the upgrade of the
central heating plant, ground-based NO, emis-
sions have been decreased 95% in 10 years.

ACI intends to build on the considerable work
being done at airports all over the world and,
through encouraging the adoption of more envi-
ronmental initiatives, play its own significant part
in stemming the impact that aviation has on the
environment. ACI, whose airport members
account for over 95 percent of the world's pas-
senger traffic, is in a position to continue making
a real difference in this area.

Operators:

Currently, the single most effective way to limit
aviation carbon dioxide (CO,) emissions is to cut
fuel consumption. On average, every minute of
flight uses 60 litres of fuel and produces 160 kg
of CO, emissions. Each kilogram of fuel saved
reduces CO, emissions by 3.16 kg. Given that a
USS$ 1 per barrel increase in fuel prices adds US$
1.4 billion to global aviation industry costs yearly,
it is obvious that reducing fuel use brings both
substantial environmental and economic bene-
fits.

In 2000, member airlines of the International Air
Transport Association (IATA) adopted a voluntary
goal and committed to improving their fuel effi-
ciency by 10% between 2000 and 2010. |ATA air-
lines beat this goal ahead of time and in 2007
adopted a more ambitious goal to improve fuel
efficiency 25% by 2020, relative to 2005. The sav-
ing in CO, emissions is projected to be about 345
million tonnes.

Achieving the IATA fuel efficiency goal will be pre-
dominantly driven by very significant investments
in the continuous renewal of airline fleets.
Increasing load factors also play an important
part. The IATA goal does not however take into
account additional operational and infrastructure
improvements, which, if pushed beyond historical
trends, could vyield significant extra benefits.
Recent initiatives, both by industry and by govern-
ment, suggest that additional potential indeed
exists.

IATA is compiling industry best practices, publish-
ing guidance material, and establishing training
programs for member airlines to improve existing
fuel conservation measures.

IATAs Go Teams are at the heart of efforts to help
airlines become more environmentally efficient.
Since October 2005, Go Teams worked with 57
airlines to identify and implement fuel conserva-
tion initiatives that provided 6.6 Mt CO, savings.
Each team consists of experts in the areas of
flight operations, flight planning and ATC, and
maintenance and engineering. Using IATAs man-
ual, Guidance Material and Best Practices for Fuel
and Environmental Management, the teams iden-
tify quick solutions and opportunities, including
weight savings, reserve fuel planning, aircraft
structure alignment (slats, flaps, doors), engine
water wash, and aircraft flight management capa-
bility optimization.

In addition, IATA is working with ICAO, govern-
ments and air navigation service providers
(ANSPs) to optimize flight routings. In 2006, this
led to more than 350 route improvements in
Africa, the Americas, Asia, and Europe, resulting
in savings of 6 million tonnes of CO, emissions.
Examples include:

e Shortened routes between Europe and China
(IATA-1) eliminating 2,860 hours of flight time,
27,000 tonnes of fuel, and 84,800 tonnes of
CO, per year.



138

Part 4: Global Emissions

e New route between Cairo and Tripoli, cutting
16 minutes of flight time and saving 7000
tonnes of CO, per year.

e Userpreferred routes for North Atlantic flights
saving 4 to 7 minutes of flight time for some
180 flights per day, reducing 200 tonnes of
CO, per year.

For 2007 IATA has identified 240 more routes
where fuel and CO, benefits can be achieved.

IATA has also put the spotlight on efficiency gains
in terminal operations: it has identified 80 airports
where arrival, departure, and approach proce-
dures can be improved using Required Area
Navigation (RNAV) or Required Navigation
Performance (RNP) resulting in significant envi-
ronmental benefits.

Air Navigation Service Providers:

Air navigation service providers (ANSPs) are
increasingly recognizing the importance of their
contribution to mitigating the impact of aviation
on the environment. They are fully committed to
playing their part in minimizing the negative
impacts of aviation on the local and global envi-
ronment.

In May 2007 ANSP members of Civil Air
Navigation Services Organization (CANSO) adopt-
ed a voluntary code of conduct which establishes
a framework within which ANSPs can seek to off-
set the environmental impacts of growth through
their own initiatives and collaboration with other
industry stakeholders.

Over the last few years ANSPs have delivered
substantial, quantifiable reductions in aircraft pol-
lution levels through pioneering work to shorten
routes, reduce delays, provide continuous
descent approaches into airports, and optimize
flight profiles through the introduction of reduced
vertical separation minimum (RVSM).

Individually, their environmental programmes
have provided major short-term gains in lowering
fuel burn and decreasing emissions of green-
house gases — examples include:

e |n 2006 ANSPs cooperated with IATA to deliv-
er improvements on over 350 routes yielding
reductions in emissions of 6 million tonnes.

on

e Airservices Australia’s “flextracks” programme
enables aircraft to use the prevailing jet-stream
conditions to fly more efficient routes. For
example, one airline calculated it had saved
8 408 kg of fuel and 43 minutes of flying-time
on a single service between the Middle East
and Australia by diverting from the straight
path to hitch a ride on the high-speed jet-
streams.

e The use of continuous descent
approaches/arrivals (CDAs) — allowing the pilot
to set the aircraft engines to best-economy
power setting using near minimum thrust dur-
ing descent from cruise altitude and in the ter-
minal area - can save between 100 and 300
kilos of fuel per flight. Forms of CDAs have
already been implemented in a number of
States and regions and are being tested for
implementation in others

e The opening of new polar routes into Russian
airspace has allowed aircraft to fly routes that
are much shorter and more fuel efficient than
previously. For example, a New York to Hong
Kong flight routed over the Arctic will save five
hours of flight time.

Government Regulators:

Many ICAO Member States are taking proactive
approaches with ongoing work in areas related to
en-route and terminal area operational measures
to reduce aviation noise, local air quality impacts,
and global climatic impacts. Specific examples
include:

e Establishing multi-disciplinary domestic and
international partnerships of aviation stake-
holders and research institutions to do such
things as expand the demonstration, imple-
mentation and adoption of operational meas-
ures. Examples include the Opportunities for
Meeting the Environmental Challenge of
Growth in Aviation (OMEGA) project in the
United Kingdom, the Partnership for AiR
Transportation Noise and Emissions Reduction
(PARTNER) in the United States and Canada
and, the European Network of Excellence,
Environmentally Compatible Air Transport
System (ECATS) in the European Commission.
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¢ Including operational measures as part of
domestic voluntary agreements for aviation
emissions reduction. Canada, for example, has
established a voluntary agreement for emis-
sions reductions with its air carrier association.
The agreement builds upon measures identi-
fied in the ICAQ Circular and will result in a col-
lective greenhouse gas emissions reduction of
24 per cent by 2012, when compared with
1990 levels.

e Conducting environmental studies to assess
the domestic potential for improved opera-
tions. ltaly, for example, has developed an
environmental program to compute and
assess that country’'s greenhouse gas emis-
sions, in order to understand the extent of the
problem, and to establish a baseline reference
for assessing the benefits of implementating
operational measures.

e |Implementating air traffic efficiency measures.
In the US, for example, measures implement-
ed thus far have led to significant reductions
including:

1. Effective use of ground delays to balance
demand versus capacity saved airlines
approximately $150 million in fuel costs in
2006.

2. Implementing the Airspace Flow Program
(AFP) in 2006 saved customers more than
2.38 million delay minutes; equating to an
estimated savings of about $98 million in
delay costs, of which 20 to 30 percent of
that cost was fuel.

3. Installing the User Request Evaluation Tool
(URET) at en-route air traffic control facili-
ties in 2006 which has increased airspace
capacity and enhanced fuel conservation,
and saved customers more than 25.6 mil-
lion nautical miles of distance traveled and
$40 million in fuel expenditures in 2006
alone.

ICAO Member States are also conducting much
needed research and testing to expand the scope
of application for operational measures, both
domestically and internationally.

Workshops and Colloquia

ICAO has been actively promoting measures ref-
erenced in Circular 303. Detailed presentations
have been made at three ICAO Workshops on
Aviation Operational Measures for Fuel and
Emissions Reductions:

e Montreal, Canada, 20-21 September 2006.
e Ottawa, Canada, 5-6 November 2002.
e Madrid, Spain, 21-22 May 2002.

The workshops included panels on aircraft main-
tenance, air traffic management, flight operations
and airport operations. Presentations from these
workshops can be found on the ICAO website at
http://www.icao.int/icao/en/env/workshops.htm

ICAQO also promotes the benefits of operational
measures when it is invited to speak at interna-
tional forums on aviation environmental protec-
tion. A presentation on operational measures
was also made at the May 2007 ICAO
Colloguium on Aviation Emissions that focused
on aviation emissions. Presentations from the
colloguium can be found on the ICAO website at
http://www.icao.int/EnvClg/Clg07/Index.html

An ongoing program of similar workshops and
colloquia is currently under development.

Summary

As demonstrated in the foregoing article, opera-
tional measures present advantages over other
methods of addressing aviation-related emissions
in several important respects.

e QOperational measures provide not only an
effective and quantifiable means, but also a
nearterm way, of minimizing aircraft emis-
sions.

e QOperational measures may also present fewer
of the legal, economic and technical challenges
(e.g. engine redesign and replacement or mod-
ification) that are associated with other
approaches.

e Adoption of the most efficient operational
flight procedures may involve tradeoffs with
other aviation environmental impacts. These
tradeoffs can be significant and must be taken
into account.

The identification, development and implementa-
tion of operational measures by aviation stake-
holders are being actively promoted as part of the
international effort to reduce the impact of emis-
sions from civil aviation on the global atmos-
phere.
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By ICAQO Secretariat

ICAQ’s ATM Operational Concept and
Global Air Navigation Plan Support Fuel
and Emissions Reductions

ICAQ is the driving force for the ongoing develop-
ment of a global air traffic management (ATM)
system that meets agreed levels of safety, pro-
vides for optimum economic operations, is envi-
ronmentally sustainable, and meets national
security requirements. Achieving such a world-
wide ATM system will be accomplished through
the implementation of many initiatives over sev-
eral years on an incremental basis. With the
increased focus on aviation environmental con-
cerns in recent years, it is recognized that the
ATM operational concept needs to contribute to
the protection of the environment by considering
noise, gaseous emissions and other environmen-
tal issues along with operational issues in the
development, implementation and operation of
the global ATM system. This article explains the
background of the global operational concept and
illustrates how it takes into account aviation envi-
ronmental concerns and priorities.

Global ATM Operational Concept

ICAQ efforts to continually improve the Air Traffic
Management (ATM) system are focused on the
Global Air Traffic Management Operational
Concept. The vision of the operational concept is
to achieve an interoperable global air traffic man-
agement system, for all users during all phases of
flight, that meets agreed levels of safety, provides
for optimum economic operations, is environ-
mentally sustainable and meets national security
requirements. The Concept was endorsed by the
Eleventh Air Navigation Conference in 2003 and is
now an important part of all major ATM develop-
ment programmes including NexGen of the
United States and the European SESAR. The
operational concept contains an important per-
formance measurement framework.

The global ATM system envisaged in the concept,
is one in which aircraft would operate as closely
as possible to their preferred 4-dimensional tra-
jectories. This requires a continued effort toward
removal of any and all ATM impediments.

Performance-Based

Transition Guidance

The operational concept recognizes that reaching
the desired “end-state” cannot be achieved by
revolution; rather, it will be an evolutionary
process, with an ultimate goal of global harmo-
nization. This will allow States, regions and homo-
geneous areas to plan the significant investments

that will be needed, and the timeframe for those
investments, in a collaborative decision-making
environment.

Rather than emphasizing improvements solely in
the areas of efficiency or safety as the sought
after outcome, the operational concept recog-
nizes that competing interests for the use of air-
space will make airspace management a highly
complex exercise, necessitating a process that
equitably balances those interests. Each of those
interests must be considered on the basis of a
weighted “desired outcome contribution” The
environment is certainly one of the outcomes
that must be considered.

In an effort to assist planners in weighing out-
comes and making appropriate decisions, the
manual on Performance Based Transition
Guidelines (PBTG) was developed. The PBTG sup-
ports an approach to planning based on perform-
ance needs, expected benefits, and achievement
timelines. Such explicit management and plan-
ning of ATM performance will be needed to
ensure that throughout the transition process the
expectations of the entire community are met.

The Global Air Navigation Plan

and the Planning Process

To assist States and regional planning groups in
identifying the most appropriate operational
improvements and also to support implementa-
tion, the Global Air Navigation Plan has been
revised so that it clearly describes a strategy
aimed at achieving near and medium-term ATM
benefits on the basis of available and foreseen air-
craft capabilities and ATM infrastructure. On this
basis, planning will be focused on specific per-
formance objectives, supported by a set of
“Global Plan Initiatives” States and regions
choose initiatives that meet performance objec-
tives, identified through an analytical process,
specific to the particular needs of a State, region,
homogeneous ATM area, or major traffic flow.
Development of work programmes must be
based on the experience and lessons learned in
the previous cycle of the CNS/ATM implementa-
tion process. The Global Plan therefore, focuses
efforts toward maintaining consistent global har-
monization and improving implementation effi-
ciencies by drawing on the existing capabilities of
the infrastructure and successful regional imple-
mentations over the near and medium-terms.
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Achieving the desired global ATM system will be
accomplished through the implementation of
many initiatives over several years on an evolu-
tionary basis. The set of initiatives contained in
the Global Plan are meant to facilitate and harmo-
nize the work already underway within the
regions and to bring needed benefits to aircraft
operators over the nearand medium-term. ICAO
will continue to develop new initiatives on the

basis of the operational concept which will be
placed in the Global Plan. In all cases, initiatives
must meet global objectives. On this basis, plan-
ning and implementation activities begin with the
application of available procedures, processes
and capabilities. The evolution progresses to the
application of emerging procedures, processes
and capabilities, and ultimately, migrates to the
ATM system based on the operational concept.

Table 1 — Global plan initiatives and their relationships to the major ATM functional areas.

GPI En-route | Terminal Area | Aerodrome | Supporting
Infrastructure
(GPI-1  Flexible use of airspace X X
(GPI-2  Reduced vertical separation X
minima
(GPI-3  Harmonization of level systems X
GPI-4  Alignment of upper airspace X
classifications
GPI-5  RNAV and RNP (Performance- X X X
based navigation)
GPI-6  Air traffic flow management X X X
(GPI-7  Dynamic and flexible ATS X X
route management
(GPI-8  Collaborative airspace design X X
and management
(GPI-9  Situational awareness X X X X
(GPI-10 Terminal area design and X
management
GPI-11  RNP and RNAV SIDs and STARs X
(GPI-12  Functional integration of ground X X
systems with airborne systems
(GPI-13  Aerodrome design and X
management
(GPI-14 Runway operations X
GPI-15 Match IMC and VMC operating X X X
capacity
(GPI-16 Decision support systems and X X X X
alerting systems
(GPI-17 Data link applications X X X X
(GPI-18 Aeronautical information X X X X
GPI-19 Meteorological systems X X X X
GPI-20 WGS-84 X X X X
(GPI-21 Navigation systems X X X X
(GPI-22 Communication infrastructure X X X X
(GPI-23 Aeronautical radio spectrum X X X X
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All regions have well established implementation
plans in place and are progressing with their indi-
vidual work programmes.

Performance and the Environment

A key tenet of the operational concept is its per-
formance orientation. The concept contains 11
expectations of the international ATM
Community which can also be described as key
performance areas. The ATM system perform-
ance requirements should always be based on
the key understanding that the ATM system is
the collective integration of services, humans,
information and technology.

Members of the ATM community will have differ-
ing performance demands of the system. All will
have either an explicit or implicit expectation of
safety. Some will have explicit economic expecta-
tions, others efficiency and predictability, and of
course others will have as their main concern, the
environment. For optimum system performance,
each of these sometimes competing expecta-
tions will need to be balanced. Interests must be
considered on the basis of a weighted “desired
outcome contribution” As stated previously, the
environment is certainly one of the outcomes to
be considered. The operational concept outlines a
total system performance framework to assist in
the process.

The operational concept recognizes that the ATM
system should contribute to the protection of the
environment by considering noise, gaseous emis-
sions and other environmental issues in the
implementation and operation of the global ATM
system.

The means and tools to establish performance
targets and measure performance are under
development by several groups both within and
outside of ICAO. It is important now that these
groups begin a dialogue where there is overlap in
order to: make maximum use of available expert-
ise, produce synergy, avoid misunderstanding
and conflicting goals, and ensure the establish-
ment of realistic targets and effective measure-
ment.

Reduced Vertical

Separation Minimum

Reduced Vertical Separation Minimum (RVSM)
was first implemented in 1997 in the airspace of
the North Atlantic followed by Europe, the Pacific,
Asia, the Middle East, the Europe/South America
corridor, the Caribbean and South and Central
American Regions. RVSM facilitates a more effi-
cient use of airspace and provides for more eco-
nomical aircraft operations because it allows air-
craft to operate closer to their preferred levels
thereby reducing fuel burn. Implementation con-
tinues, and RVSM will soon cover all airspace
around the world.

A cost-benefit analysis in the North Pacific
showed a 0.5% to 1.0% reduction in fuel cost for
a saving of approximately US $8 million per year
for aircraft using this form of airspace. In Europe,
it is estimated that RVSM saves airlines close to
$60 million annually. In the Caribbean and South
and Central American Regions, airlines will save
approximately $400 million over a 15-year period
for international flights due to RVSM, while for
North America the fuel-saving benefits are esti-
mated to be approximately US $5.3 billion for the
same period.

Following the implementation of RVSM in the
European Region in January 2002, the
“Environmental Studies” Business Area of the
EUROCONTROL Experimental Centre performed
an analysis focusing on the environmental
aspects and concluded that RVSM implementa-
tion led to significant environmental benefits. The
report states that total NO, emissions were
reduced by 0.7 — 1% which represents about
3 500 tons less NO, per year emitted by aviation
into the atmosphere. Sulphur oxide emissions
were reduced by around 260 tons per year and
total fuel burn, CO, and H,O emissions were
reduced by 1.6 — 2.3%., which translates into
reduced costs for airlines operating in the EUR
RVSM area of up to 310,000 tons of fuel per year.
The reports goes on to state that the environmen-
tal benefits were even more positive for the high
altitude band along and above the tropopause,
between 8 and 10 kilometres. At these flight lev-
els NO, emissions were found to be reduced by
as much as 2.3 - 4.4%, fuel burn and directly pro-
portional emissions like CO,, SOx and especially
H,O were reduced by 3.5 -5.0%.



Chapter: Operational Measures

143

ICAQ's role in supporting the realization of RVSM
was and continues to be significant. From the
detailed safety related work of the Review of the
General Concept of Separation Panel (RGCSP),
now known as the Separation and Airspace
Safety Panel (SASP), the development of stan-
dards and supporting guidance material, to the
extensive planning and safety assessments con-
ducted by the regional planning groups; RVSM
could not have been implemented globally with-
out ICAO leadership.

An important lesson learned from the success of
RVSM is that improving efficiency leads to envi-
ronmental benefits. We should therefore contin-
ue working toward the establishment of a com-
mon performance framework, establishing envi-
ronmental and efficiency targets and developing
the methods to measure outcomes.

Rules of Thumb For

Emissions Modelling

ICAO/CAEP has been involved in the develop-
ment of computerbased models to assess the
environmental benefits for CNS/ATM Systems
implementations since 1998, and the committee
continues to support the development of the
sophisticated models capable of undertaking
these assessments (see Part 5 of this report).

However, to help States make initial estimates of
savings accrued from the implementation of
measures such as RVSM, and to harmonize the
approaches for converting fuel savings into emis-
sions savings, CAEP prepared some initial “rules
of thumb” that are summarized below.

To gain a “first-order estimate” of the environ-
mental benefits of potential CNS/ATM changes in
order to assess which options to carry forward, a
less accurate, rough-and-ready method may be all
that is necessary. Statistics relating to fuel burn
and emissions are critically dependent on aircraft
and engine types, operating procedures, air traffic
management constraints, passenger and cargo
loading, maintenance procedures, fleet utiliza-
tion, and other factors. Without more detailed
analysis, it is impossible to be specific about the
performance of any particular aircraft or airline.
The first order approximation approach used is
therefore only intended to provide broad-based
information for very general planning and assess-
ment purposes. The two general estimates pro-
vided below are based on common statistics and
assumptions and were provided by IATA/ICCAIA.
Each of these may be applied more broadly as a
“rule of thumb"” to obtain order of magnitude
estimates:

Average fuel burn per minute of flight
=49 kg

Average fuel burn per nautical mile (NM) of
flight = 11 kg

Table 1 shows average additional fuel burn for a
change in flight level (FU)T:

Table 1 - First-order estimates of average fuel burn penalties for changes in flight level compared to an assumed opti-

mum altitude.

FL change Average S.R.” penalty | Average fuel burn penalty I:‘n::fe ::e;::f: ;;_::;:i::elln';“;_il
1t % % ke kg
-6000 9.1 10,0 301 1%
-5000 6,5 7.0 209 7
-4000 4,5 4,7 141
-3000 3,0 31 92 q
-2000 1,5“ 1,5 45 1y
-1000/ 0,5| 0,5| 15 6|
0 0.0 0,0 0
1000| 0,5 0,5 16
2000| 1,6/ 1,6 47 i
*S.R. = Specific Range = distance flown per unit weight of fuel burned ** tune-corrected |

T'In order to minimize fuel burn, an aircraft should be flown at its optimum altitude. In reality, the optimum altitude
changes during flight. In this table, the flight level change is relative to the optimum altitude (referred to as zero “0").
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The average range in fuel burn increase men-
tioned in ICAO Circular 303 Operational
Opportunities to Minimize Fuel Use and Reduce
Emissions is generally in line with the estimated
percentages shown in Table 1. When making fuel
burn penalty estimations using Table 1, it should
be noted that the numbers are based on the gen-
eral assumption that the cruise phase of the flight
is, on average, representative of the entire flight.

Detailed Modelling

Detailed modelling is appropriate when accuracy
is essential; however, it is resource intensive and
relatively complex. This methodology is distin-
guished by the calculation of fuel burn and emis-
sions throughout the full trajectory of each flight
segment using aircraft and engine-specific aero-
dynamic performance information. To use this
methodology (IPCC Tier 3B), sophisticated com-
puter models are required to address all the
equipment, performance and trajectory variables
and calculations for all flights in a given year.
Models used for Tier 3B level can generally spec-
ify output in terms of aircraft, engine, airport,
region, and global totals, as well as by latitude,
longitude, altitude and time, for fuel burn and
emissions of carbon dioxide (CO,), carbon
monoxide (CO), unburned hydrocarbons (HC),
nitrogen oxides (NO,), water (H,0), and sulfur
oxides (SOx calculated as sulfur dioxide, SO,).

Examples of these types of modelling tools are
AEM, AERO2K and SAGE. These, and other mod-
els are discussed in detail in Part 5 of this report.

Conclusions

The aviation community has been working on
ATM operational improvements steadily since the
1920s. The work accelerated with the onset of
CNS/ATM systems. Technology development has
been more rapid in recent years and improve-
ments are now occurring even more quickly.

A major operational improvement was the imple-
mentation of the Reduced Vertical Separation
Minimum (RVSM) system, which yielded signifi-
cant operational benefits to aircraft operators in
terms of reduced fuel burn, availability of optimal
flight levels, increased capacity, as well as signif-
icant spin-off environmental benefits.

ICAO has a central role to play in planning for the
implementation of operational improvements. In
addition to developing the necessary standards
and guidance material, ICAO has developed a
global ATM Operational Concept that has been
widely endorsed and used as the basis for plan-
ning. ICAQ also provides the planning framework
through the Global Air Navigation Plan and sever-
al other documents and tools that support plan-
ning and implementation efforts. Sophisticated
computer models are under development to
assess the environmental benefits accrued
through implementation of the various initiatives.

Every ICAO Region has a list of identified per-
formance objectives and has developed work pro-
grammes to bring near and medium-term bene-
fits, while integrating those programmes with the
extensive work already accomplished.

An important lesson learned from the success of
RVSM is that the environmental and efficiency
missions can be achieved in parallel. We should
therefore, continue to work together even more
closely towards the development of a common
performance framework, establishing joint envi-
ronmental and efficiency targets, and developing
methods to measure performance outcomes.
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Market-Based Measures

Overview Of CAEP/5 Analysis
of Market-Based Measures

This article provides an overview of the econom-
ic analysis that was conducted by the Forecasting
and Economic analysis Support Group (FESG) of
ICAO's Committee on Aviation Environmental
Protection (CAEP) for its fifth meeting (CAEP/5) in
January 2001. That analysis was done into the var-
ious market-based measures that might be used
to reduce carbon dioxide (CO,) emissions from
aviation.! The analysis focused on the economic
and environmental impacts of three types of mar-
ket-based measures: emissions trading, environ-
mental levies, and voluntary measures. To con-
duct the analysis, ICAO/CAEP used the Aviation
Emissions and Evaluation of Reduction Options
Modelling System (AERO-MS), developed by the
Government of the Netherlands (see Part 5).

The work was performed by ICAO/CAEP in
response to provisions in ICAO Assembly
Resolution A32-8, under which the ICAO
Assembly called for the ICAO Council, through
CAEP to assess policy options, including “an en-
route levy or a fuel levy to address global emis-
sions ...and on other market-based measures
such as emissions trading.” Since no specific pol-
icy measure was defined by the ICAO Assembly
for study, ICAO/CAEP established the parameters
of the study through a consensus process.?

Background

For the purposes of the analysis, the three types
of market-based measures were assessed
against three alternative hypothetical emissions
reduction targets, which were defined by
ICAO/CAEP The most stringent target was an
actual overall reduction of 2010 emissions to 95%
of their 1990 level, roughly in line with the aver-
age of targets for ICAO Member States under the
Kyoto Protocol climate change treaty. The two

other emission targets were 50% and 25% in
projected emissions increase between 1990 and
2010. To perform the analysis, a base case was
established first, projecting what fuel burn and
emissions might be expected without market-
based measures. Based on forecast inputs pro-
vided by ICAO/CAEP's FESG, the AERO-MS
model estimated that in the base case (with no
additional policy action) global air traffic would
increase by 85% between 1992 and 2010, while
total fuel use would increase by only 40%,
reflecting improved aircraft fuel efficiency over
that period. As the amount of fuel burned has a
direct relationship to the amount of CO, that is
released, projecting expected fuel burn and
resulting emissions was important for identifying
the potential effects of the various market-based
measures.

To conduct the analysis, FESG had to identify and
agree on various assumptions. Important among
these was that total air transport demand (in the
base case), measured in terms of revenue ton
kilometres (RTKs), would increase at an average
annual growth rate of 5.25%, while airport and
airspace capacity to meet that projected demand
would be unconstrained. The analysis also
assumed that all cost increases to airlines due to
market-based measures would be fully passed on
to customers through higher passenger fares and
freight rates. FESG also had to establish agreed
figures for price elasticity of demand and project-
ed fuel efficiency improvements. So as to not
unduly complicate the analysis, and so that the
potential effects of the market-based measures
could be isolated, FESG assumed that fuel prices
would remain constant over the study period.

1 This article reports FESG's work, as presented in its CAEP/5 working paper, “Economic Analysis of Potential Market-
Based Options for reduction of CO2 Emissions from Aviation,” CAEP/5-WP/24.

2 CAEP had established a dedicated working group, “Working Group 5,” to study potential market-based options. This
group developed the design parameters for the options subject to analysis. Working Group 5's work is presented in the
information paper presented to CAEP/5 entitled “Market-Based Measures, report from Working Group 5 to the Fifth
Meeting of the Committee on Aviation Environmental Protection,” CAEP/5-IP/22.
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Measures Evaluated

Once the market-based measures and CO,
reduction targets to be assessed were defined,
and the study assumptions were agreed, the
analysis of the three types of market-based
measures commenced. Below is a description of
these measures, followed by a summary of the
study findings.

Emissions Trading

Under a CO, emissions trading system, an over-
all target or cap is set and a market for carbon is
established, allowing participants to buy and sell
permits, the price of which is set by the market
place. If the CO, abatement costs that face par-
ticipants are lower than the permit price, they will
have an incentive to take abatement actions to
meet any targets applicable to them and to try to
generate permits they can sell. If abatement
costs facing a particular participant exceed permit
prices, that participant will have an incentive to
buy permits to meet their targets, rather than tak-
ing the more expensive abatement actions.
Under an open emissions trading system, avia-
tion would be free to trade with other sectors that
are included within the scheme. A closed trading
system on the other hand, would be limited to
the aviation sector. Under a trading system, the
environmental impact will be determined by the
cap that is set, while the economic impact will
depend on the level of permit prices. The CAEP
analysis assessed both open and closed emis-
sions trading.

Environmental Levies

Environmental levies include taxes and charges
with the objective of creating an economic incen-
tive to reduce emissions. In essence, taxes and
charges raise costs to the airlines. To the extent
that these costs are passed on to the consumer,
they can have the effect of reducing demand (i.e.,
reducing flying, and therefore the emissions from
flying). Alternatively, or in addition, taxes and
charges can induce the adoption of abatement
measures, to the extent that those measures are
less costly than enduring the full effect of the tax
or charge that would otherwise be applied. So, in
this case the economic impact will be determined
by the level of the charge or tax set, while the
environmental impact will depend on the extent
to which the tax or charge induces emissions-

reducing behaviour. The measures considered in
the CAEP analysis included a fuel tax, an en-route
emissions tax, and en-route emissions charges
with proceeds recycled to the aviation sector. A
revenue neutral en-route emissions charge was
also tested.

Voluntary Measures

Voluntary measures can involve unilateral action
by industry or agreement between industry and
government to reduce emissions beyond a base
case. They are similar to emissions trading in that
they typically are based on an overall cap on emis-
sions, but, unlike with trading, the cap is not
always enforceable. Voluntary measures to limit
or reduce emissions might include such things as
voluntary emissions trading, carbon offsets, oper-
ational changes, and/or technology investments.
However, given that the emission reduction tar-
gets set in the study were observed to require
"very costly” measures that “would induce sig-
nificant demand effects,” specific voluntary meas-
ures were not fully analyzed, because it was
believed that industry would not voluntarily agree
to actually meet such targets. Thus, after initial
screening analysis, only a “hybrid” voluntary
agreement scenario, combining voluntary early
aircraft retirement with open emission trading,
was subjected to detailed analysis.3

Key Findings

The emissions trading measures were tested
using several allowance prices, ranging from $5
to $100 per tonne of CO,. Two alternative mecha-
nisms for distributing allowances to airlines were
used: auctioning (airlines must purchase all per-
mits needed to cover their emissions, including
baseline emissions), and grandfathering (distribu-
tion of permits up to a certain baseline free of
charge). Of the market-based measures studied,
an open emissions trading system, whereby avia-
tion is free to trade with other sectors, was found
to be the most economically efficient approach
for achieving CO, emission reduction targets. The
open system had relatively modest impacts on
airline costs and demand, when compared with
the impacts from taxes and charges. For exam-
ple, with allowances auctioned at an allowance
price of $25, there would be a 2.5% demand
reduction and $17bn per year (1992 US$) increase
in airline costs to meet the least stringent target

3 A description of the screening process and of the findings regarding the screening process are presented in FESG's
detailed information paper, “Report on Economic Analysis of Potential Market-Based Options for Reduction of CO,
Emissions from Aviation,” CAEP/5-1P/9, which also was presented at CAEP/5. The quotations here are from Section

6.1.12 of that paper.
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of a 25% reduction in the growth of emissions.
With allowances grandfathered, the demand
reduction for this target is estimated to be 1%
and the cost penalty is reduced by 90%, with a
$1.6bn annual increase in airline operating costs.4
Among the measures studied, an open emissions
trading system was found to be the only way to
achieve the most stringent targets under the
assumptions applied,® with all other options giv-
ing rise to substantially greater increases in airline
costs as well as demand reductions.

With aviation expected to be a net purchaser of
permits due to the high cost of abatement action
within the sector,8 most of the emissions reduc-
tions would be achieved by other sectors, partic-
ularly under scenarios where allowance prices
were assumed to be low. As noted above, includ-
ing different sectors in one scheme encourages
efficient behaviour (in this case, encouraging
those who can reduce emissions at lower costs
to do so0), providing a more cost-effective way of
reducing emissions than if the measures
employed are limited to the aviation sector. This
explains why the impact on airline costs and traf-
fic levels is less pronounced under open emis-
sions trading than with environmental levies.

A closed emissions trading system limited to the
aviation sector was found to be less economical-
ly efficient and not capable of achieving stringent
emissions targets under the permit prices
assumed. Although this mechanism works differ-
ently from emissions-related levies, its economic
and environmental impacts would be identical to
that of environmental levies.

If environmental levies are used to achieve the
study's CO, reduction targets, they would need
to be set at very high levels. For example, to meet
the most stringent Kyoto Protocol reduction tar-
get (a 5% reduction from 1990 emission levels), a
fuel or en-route emissions levy would need to be
set at around 8 times the fuel price used in the
base year (1992). An environmental levy of this
scale was found to have substantial implications

for airline costs (up by almost 80%), with demand
reductions of around one third, arising from high-
er ticket prices. Even under the most relaxed
emission reduction target, a levy equivalent to
doubling the fuel price would be required.
Analysis showed that the cost of meeting the
three targets was between $47bn and $245bn
per year in 1992 US$.

Where the proceeds of environmental levies
were assumed to be re-channelled back into the
aviation industry to provide an incentive for more
rapid fleet replacement, the adverse effects on
demand and airline operating costs were some-
what dampened. The analysis showed that such a
system would be a viable option for achieving the
less stringent targets analysed. Options identi-
fied, but not considered in any detail, for re-chan-
nelling proceeds included their use for: accelerat-
ed retirement of older aircraft, funding technology
improvements, and improving ATC systems to
reduce delays.

A revenue neutral CO, charge, whereby less fuel
efficient aircraft would pay higher en-route
charges, with compensating savings for more
fuel efficient aircraft, was found to result in only
modest reductions in CO, emissions. Such an
instrument would only be feasible for achieving
more relaxed emission reduction charges than
considered in this study.

A combined/hybrid system of voluntary measures
to retire old aircraft early and open trading was
found to be less efficient than open trading on its
own, but more efficient than environmental
levies. Because of the high cost of implementing
abatement measures within the aviation sector,
the study found that voluntary measures on their
own would likely achieve only the more relaxed
targets.

To the extent that a particular market-based
measure aimed at reducing CO, has the effect of
reducing demand, the study noted that it would
also result in a reduction of other emissions such

4 To meet the Kyoto-like target of a 5% reduction in emissions from a 1990 baseline, open emissions trading was esti-

mated to cost $63 billion annually, if permits were auctioned.

5 A key assumption in this regard was that the airlines would have full access to emissions permits, although the source

of those permits was not identified.

6 Abatement actions by the airlines are projected to be more costly due to several factors, including the fact that air-
lines already are motivated by the high cost of jet fuel (typically, the greatest or second greatest cost center for an air-
line, next to labor) to be highly fuel efficient, and the current unavailability of viable alternative fuels or carbon seques-

tration options.
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as oxides of nitrogen (NO,). However, the study
noted that operational or technology-related
abatement measures taken in response to such
policies may have adverse effects in increasing
NO, and noise, as there are interrelationships
between these parameters in aircraft operation.

Where targets are applied regionally, for example
assumed to apply only to developed countries,
environmental benefits were found to be corre-
spondingly smaller, and the risk of economic dis-
tortions caused by such actions as destination
switching and tankering of fuel, as well as poten-
tial competitive distortions, were identified.

Summary

In response to a request from the ICAO
Assembly, CAEP performed an extensive assess-
ment of the relative economic and environmental
impacts of various market-based measures that
might be employed to limit or reduce CO, emis-
sions. While this analysis was concluded in 2001,
CAEP has reaffirmed the validity of this work
since, subject to the assumptions used.

Under the analysis, “open emissions trad-
ing” was found to be the most economical-
ly efficient approach, as compared with
taxes and charges and voluntary measures
for meeting the specified targets and the
only viable one capable of meeting the most
stringent (Kyoto Protocol) emission reduc-
tion targets. Under this measure, a signifi-
cant part of the emissions reductions would
be realized outside of aviation, with aviation
likely to be a net buyer of emissions from
other sectors, unless allowance prices were
extremely high.

Environmental levies (taxes or charges) would
need to be set at very high levels to meet strin-
gent CO2 reduction targets, with substantial
increases in airline operating costs and demand
reductions arising from higher ticket prices.
Where the proceeds of levies were assumed to
be re-channelled back to the airline industry, for
example to enable more rapid fleet replacement,
these impacts were somewhat dampened and
this was found to be a potentially viable measures
for achieving the less stringent targets.

For targets less restrictive than those used in the
analysis, a revenue neutral charge and voluntary
agreements were found to be viable options.
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Overview of ICAQO Guidance

on Emissions Trading

This article presents a brief overview of the guid-
ance material that ICAO has developed on emis-
sions trading to assist Contracting States in
developing and implementing their own aviation
emissions trading schemes, and it offers some
advice and practical information they might be
able to use.

International Aviation and

Emissions Trading

Pressure on the world community to address cli-
mate change issues is continuously increasing.
Although aviation's share is relatively small, the
contribution from the aviation sector is growing in
relation to the total global impact on climate
change from other sectors. In evaluating alterna-
tive approaches to addressing aviation's impact
on the global climate, relative to other market-
based measures, it was decided at the fifth meet-
ing of ICAO's Committee on Aviation
Environmental Protection (CAEP) that an emis-
sions-trading system would be a cost-effective
measure to limit or reduce CO, emitted by civil
aviation in the longer term, provided that the sys-
tem is an open one across economic sectors’.
This potential for open emissions trading was
also recognized when the Kyoto Protocol to the
UNFCCC laid the groundwork for an international
open emissions trading scheme via the inclusion
of Article 17

There are a number of reasons why the inclusion
of international aviation in an emissions trading
scheme is challenging. One issue, which has
been controversial throughout the work of ICAO
CAER is the geographic scope. Including emis-
sions from stationary sources is geographically
simple, because emissions physically occur with-
in the territory of a given State. However, this is
not the case for emissions from non-stationary
sources, such as from international aviation,
which by definition is not geographically con-
tained wholly within one State. This certainly adds
complexity in designing an emissions trading
scheme including aviation.

Furthermore, unlike domestic aviation, interna-
tional aviation is not listed in Annex A to the Kyoto
Protocol and is not a sub-category of any other
source listed. Therefore, emissions from this

activity are not taken into account in the calcula-
tion of assigned amounts of Annex | Parties and
are not subject to the limitation and reduction
commitments of Annex | Parties under the Kyoto
Protocol. Article 2.2 of the Kyoto Protocol states
that Parties “included in Annex | shall pursue lim-
itation or reduction of emissions of greenhouse
gases not controlled by the Montreal Protocol
from aviation...bunker fuels, working through the
International Civil Aviation Organization”

The exclusion of international aviation emissions
from assigned amounts under the Kyoto Protocol
means that their inclusion in emissions trading
under Article 17 of the Kyoto Protocol is not pro-
vided for. In addition, the UNFCCC and Kyoto
Protocol confer no guidance in relation to emis-
sions trading schemes that are not provided for in
either of these agreements, such as those devel-
oped by Parties or groups of Parties.

It is obvious from the description above that ICAO
CAEP had a most challenging assignment and fur-
thermore it was a complex and new area in many
other ways, with little or no experience to build
upon, in particular with respect to aviation partici-
pation. Nevertheless, it succeeded in presenting
a clean draft guidance document to CAEP/7
(February 2007) thanks to the combination of
mixed expertise, hard and constructive work and
the willingness to compromise. CAEP agreed to
recommend to the ICAO Council that it adopt the
guidance on emissions trading for aviation and
publish it prior to the forthcoming Assembly.

After subsequent intense discussions, the
Council decided to publish the guidance docu-
ment as a draft document with a foreword by the
President of ICAO emphasizing that there are dif-
ferent views on the issue of geographic scope in
the Council on whether Contracting States could
integrate international aviation emissions from
aircraft operators from other Contracting States
without their agreement. The President conclud-
ed his foreword by stating that “In line with the
emphasis from the last Session of the Assembly
on ICAO taking a leadership role in all aviation
matters related to the environment, | believe that
this guidance material is an important step in
advancing our knowledge of possible alternative

1 “Market-Based Measures:” Report from Working Group 5 to the fifth meeting of the Committee on Aviation

Environmental Protection. CAEP/5-1P/22. 5/01/01.
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measures to address aviation emissions and pro-
vides the basis for sound discussions, delibera-
tions and decisions as a way forward on emis-
sions trading at the upcoming 36th Session of the
ICAO Assembly.”

Guidance On Emissions Trading

The scope of the guidance material extends
exclusively to international civil aircraft operations
and does not include State aircraft, which covers
military, customs, and police services. The guid-
ance focuses on those aspects of emissions trad-
ing that require consideration with respect to avi-
ation-specific issues; it identifies options and
offers potential solutions where possible.

The guidance on emissions trading is not of a reg-
ulatory nature. It is recognized that the guidance
material may not provide the level of detail neces-
sary to assist ICAO Contracting States in
addressing every issue that might arise, given
that there may be unique legal, technical or polit-
ical situations for particular States. It is therefore
advised that ICAO Contracting States use the
guidance material as supporting material, to be
shaped and applied to specific circumstances. It
is a new area and the guidance may need to be
revised as the world of emissions trading and avi-
ation develops over time.

The guidance on emissions trading address-
es the aviation-specific options for the vari-
ous elements of trading systems, such as:

Accountable entities

Emission sources included

Emission species included
International and domestic emissions
Geographical scope (jurisdiction)
Trading units (integration and linking)
Types of trading systems

Allowance distribution (benchmarking)
Monitoring, reporting, verification, and
enforcement

FFFFFFFFF

Each of these elements is briefly addressed
below. For more detailed information the guid-
ance material and its glossary are available on the
ICAO website at:
http://www.icao.int/icao/en/env/document.htm.

In addition, the ICAO website offers more gener-
al material on emissions trading at:
http://www.icao.int/icao/en/env/aee.htm.

Accountable Entities

Possible accountable parties discussed are: air-
craft operators, fuel suppliers, air navigation serv-
ice providers, airport operators, and aircraft man-
ufacturers.

The guidance recommends that the aircraft oper-
ator should be selected as the entity that is
accountable for emissions from international avi-
ation.

Emission Sources and

Inclusion Threshold

The guidance recommends that obligations under
the scheme implemented should be applied on
the basis of the total aggregated emissions from
all applicable flights performed by each aircraft
operator included in the scheme. To establish an
adequate balance between emissions coverage
and administrative burden regarding “small oper-
ators” the guidance recommends that States
consider applying an inclusion threshold for air-
craft operators based on aggregate air transport
activity (e.g. CO, emissions) and/or aircraft
weight.

Emissions Species Included

The guidance recommends that States start with
an emissions trading scheme that includes CO,
alone, while not precluding inclusion of other non-
CO, aircraft emissions that contribute to climate
change, as scientific understanding of their
effects evolves.

International and Domestic Emissions
The guidance recommends that States use the
IPCC (Intergovernmental Panel on Climate
Change) definition of international and domestic
emissions for the purposes of accounting green-
house gas emissions as applied to civil aviation as
States’ reporting obligations in the UNFCCC
process are based on the IPCC definition.

Geographic Scope

This was the most controversial issue. Based on
advice from the Council, the guidance material
outlines advantages and disadvantages regarding
approaches for inclusion of foreign aircraft opera-
tors in the scheme. One approach is for inclusion
through mutual agreement between the State or
States responsible for administering the scheme.
The other approach is that State(s) operating a
scheme that would seek the inclusion of foreign
aircraft operators without distinction as to nation-
ality.

Also discussed in the document are different
options for the architecture of geographic cover-
age based on routes, as well as on airspace.

Trading Units (Integration & Linking)

As international aviation emissions are not cov-
ered in national Kyoto Protocol inventories,
options are discussed on how to integrate inter-
national aviation emissions in a scheme open to
other sectors in consideration of the current
Kyoto accounting system. The general assump-
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tion is that aviation is a net buyer of allowances.
Several linking options are discussed: borrowing
of AAU's (Kyoto allowances), no allocation of
allowances, buying of allowances above non-trad-
able baseline or above tradable baseline. Gateway
or clearing house mechanisms? can be consid-
ered if it is deemed necessary to prevent net sell-
ing of aviation allowances into the scheme.
Whatever the choice, States are advised to put in
place an accounting arrangement that ensures
that emissions from international aviation are
counted separately and not — whether deliberate-
ly or inadvertently — against the specific reduction
targets that States may have under the Kyoto
Protocol.

Types Of Trading Systems

This discussion includes different trading systems
such as: cap and trade systems, credit systems,
absolute and relative trading systems, and proj-
ect-based mechanisms such as the clean devel-
opment mechanism (CDM) and joint implementa-
tion (JI) under the Kyoto Protocol. Different
approaches to generate a baseline or a cap for avi-
ation are discussed as well.

Allowance Distribution

Through Benchmarking

Aircraft operators may receive their allowances at
the start of a trading period either from auctioning
or through amounts distributed by the authority.
Auctioning or grandfathering allowances based
on historic emissions are not aviation-specific
issues. The guidance therefore focuses on bench-
marking as a distribution method applied to avia-
tion under a benchmarking approach whereby
allowances are distributed according to a specific
formula based on a benchmark parameter that
reflects the amount of emissions in relation to a
level of activity representative of the sector.

A range of potential methodologies and parame-
ters can be considered, including using revenue
ton kilometers (RTK) or available ton kilometers
(ATK).

Where States choose benchmarking over grand-
fathering or auctioning, the guidance recom-
mends that a benchmark parameter be designed
that: focuses on emissions performance of air-
craft, rewards previous investments in new tech-
nology, provides incentives to operate the most
emissions efficient aircraft in the most efficient
way into the future, and avoids unintended distri-
butional effects between different business mod-
els as much as possible.

Monitoring, Reporting, Verification,

and Enforcement

Monitoring and reporting of emissions is an
important element of any trading system and is
indeed aviation specific. For monitoring and
reporting the guidance recommends that, when
possible the method with the highest accuracy
should be applied. Calculations based on actual
trip-fuel data relating to each individual flight is
the preferred option and should perhaps be
encouraged. Both the accuracy of the reported
data as well as the environmental effectiveness
of the emissions trading system would benefit
from this approach.

If actual trip-fuel data cannot be easily obtained,
emission modelling techniques can be used to
calculate estimates. The level of detail for data
can range from actual flight movement data with
full flight trajectory information, to origin and des-
tination data. For those trading entities that can-
not meet high reporting standards, a minimum
reporting standard based on emission modelling
techniques that are consistent across the sector
could be applied.

For verification of data and methods employed,
the guidance suggests that it be carried out by an
accredited organisation independent of the organ-
isation whose data are being verified, with the
aim of verifying the reliability, credibility and cor-
rectness of the data. An entity that meets the
auditing criteria normally required by the State
would be ideal to carry out a predefined verifica-
tion procedure. ICAQ is one of the organizations,
along with State accredited verification entities,
that could facilitate or assist such verification.

Finally, the guidance discusses enforcement and
notes that various options are available for penal-
ties that might be used. These include: different
monetary penalties, restricting noncompliant par-
ticipant’s rights under the trading system, and
reducing the number of allowances assigned for
subsequent periods. States could consider penal-
ty systems that may be in use for other sectors,
and apply similar penalties to international avia-
tion when it is feasible and practical.

Reference

1. This article is based largely on information
developed by CAEP as contained in the CAEP/7
Report (Doc 9886) and on Andreas Hardeman and
Kalle Keldusild ‘s presentation entitled,
“Guidance on Emissions Trading for Aviation’
ICAO Colloguium on Aviation Emissions, 14 — 16
May 2007.

2 a clearing house mechanism would refer to a central point where aircraft operators would jointly settle their
allowances to ensure that there would be no net flow of aviation allowances into the scheme.
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Voluntary Emissions Trading for Aviation

With a view to provide information on the various
voluntary initiatives currently being undertaken,
ICAO/CAEP developed a Report on Voluntary
Emissions trading for aviation. That report
describes the general nature and practical experi-
ences of various types of voluntary emissions
trading schemes. It also explores how voluntary
trading schemes, based on current understanding
and practical possibilities, could be considered
and perhaps further developed for use by avia-
tion. The full report is available on the ICAO web-
site.1 .

The following article summarizes the highlights of
the report.

Discussion and understanding of voluntary trad-
ing systems requires addressing three important
questions, as follow:

1. What exactly do we mean by voluntary trad-
ing?

2. How can voluntary trading be made to work?

3. What would be reasons for participating in vol-
untary trading?

To start with the first question, the report defines
a voluntary trading scheme as any scheme in
which participation by a State is not mandatory.
Although, that may seem clearcut, one could
legitimately ask the question, for example; Does
the conclusion of a voluntary agreement still qual-
ify as “voluntary’ if the only alternative is expo-
sure to strong regulatory action, such as taxes,
for example?

Further, it is important to bear in mind that volun-
tary initiatives can range from unilateral actions at
the company level to negotiated agreements
between governments and sectors. Also, in prac-
tice, many voluntary agreements are in fact com-
bined with some sort of incentive and/or disin-
centive measures. That is why schemes that
involve some kind of government incentive for
companies to participate also fall under the defini-
tion of “voluntary” used in the report.

Voluntary Trading Options

for Aviation

The report describes four approaches for setting
up Emission Trading Schemes (ETS) for voluntary
trading in the aviation sector, focusing on aircraft
operators as the main players. The report does
not pass judgment as to the desirability or the
merits of the different options.

1. Group of Airlines Decides To Create

its Own ETS

For example, airline alliance partners might set up
an ETS among themselves. This would be a sec-
toral trading system that could be designed in a
way that would allow participants to purchase
credits outside the scheme in order to meet their
targets and minimize costs.

2. Airline Sector Creates a New

ETS Together with Other Sectors

Under this approach, members of a national air
transport association might get together, for
instance, the national energy companies and the
agricultural sector join foces to establish and par-
ticipate in a national emissions trading scheme.

3. Airline or Group of Airlines

Unilaterally Joins an Existing ETS

As part of national efforts to drive technology effi-
ciency and reduce emissions, an airline or a group
of airlines could choose to participate in an exist-
ing trading scheme administered by another
group such as: its own government, a third party
government, or a commercial entity such as an
independent trading platform.

In addition to the above three options, more
direct mechanisms may also be considered, for
example:

4. Airline or Group of Airlines
Compensates for its Carbon Emissions
Under this scenario, airline players could decide
to compensate directly for their emissions
through investments in carbon-offset projects
that can play an important role in addressing cli-
mate change impacts from aviation. A carbon off-
set facility can either be run by the airline(s) itself
(possibly as an option for passengers/customers)
or by an independent service provider. In either
case, money is paid into a fund that sponsors
specific projects to reduce or avoid emissions
from sources or remove emissions from the
atmosphere through so-called sink projects.

T http://www.icao.int/icao/en/env/vets_report.pdf
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Key Considerations when Developing
aVoluntary ETS

The second important question to deal with when
trying to understand voluntary trading systems is
“How can it be made to work?" The report men-
tions a number of considerations that are key in
designing a voluntary trading scheme that is both
workable and credible. These include, for exam-
ple, the following:

Environmental Results:

How stringent are the environmental targets?
With what degree of certainty will these results
be achieved? How likely are entities to participate
and how broad is the emissions coverage under
the agreement? and; What factors might under-
mine achieving the environmental results?

Overall Cost and Cost-Effectiveness:

Does the option have adverse effects on the cost-
effectiveness of control (i.e. the cost per tonne of
CO, reduced)? Or; Does it adversely affect over-
all control costs (i.e., the total costs of abatement
plus purchase/sale of emission allowances and/or
credits) for the aviation sector (domestic or inter-
national)?

Political Acceptability:

How will the trading scheme be viewed by the
relevant stakeholders, including airlines and other
industry parties that have an influence on aviation
emissions but are not direct participants in the
agreement (e.g. engine manufacturers, air traffic
controllers, governmental and non-governmental
bodies, etc.)?

Benefits of Voluntary

Trading Schemes

The third question related to understanding volun-
tary trading schemes is; “VWhat would be reasons
for participating in voluntary trading?” To answer
this question, the report advances a number of
reasons why voluntary emissions trading
schemes could be an attractive option for
addressing aviation emissions:

Flexibility:

Voluntary trading schemes are not necessarily
constrained by the framework of international
agreements. This could allow early action under a
voluntary framework while discussions on a pos-
sible mandatory approach are ongoing.

Cost Containment:

Successful voluntary measures can help mini-
mize costs, compared with regulatory actions. Of
course, as the report observes, the incentive to
pursue voluntary trading diminishes as the cost
of achieving a reduction target approaches that of
potential regulations. Therefore, voluntary meas-
ures should be cost-effective and have low
administrative and transaction costs.

Competitiveness:

Voluntary trading has potential to attract broad
geographic participation by both States and air-
lines. Also, since operators would be unlikely to
participate in voluntary trading if there's a risk of
undermining their ability to compete, the compet-
itive impacts of a voluntary scheme are likely to
be small.

Learning by Doing:

A key benefit of voluntary trading might derive
from "“learning-by-doing’ offering the important
advantage of allowing participants to develop
skills and learn trading strategies that may be
useful as emissions trading schemes are devel-
oped in the future.

The CAEP report then goes on to describe key
elements of various voluntary trading schemes,
including: emissions trading schemes in Japan
and the UK, Chicago Climate Exchange, Montreal
Climate Exchange, European Climate Exchange,
Asia Carbon Exchange, as well as airline carbon
offset programs.

One aspect discussed in the report which is
worth particular attention, especially in light of
current developments, is the increasing interest
among private and corporate airline customers
who want to voluntarily offset their flight-related
CO, emissions. For a number of years now, con-
sumers have been able to do so through inde-
pendent carbon offset providers who sponsor
projects aimed at reducing carbon emissions.
Initially many of these were through reforestation
but they are increasingly related to renewable
energy and energy conservation projects in non-
Annex | countries. While the overall contribution
of these schemes to global emissions reduction
is still quite small at the moment, as the report
notes there seems to be potential for this type of
activity to multiply over time?2.

2 Since CAEP/7 the number of airlines introducing carbon offset facilities has steadily increased. At the time of writing
British Airways, SAS, Air France/KLM, Lufthansa, Cathay Pacific, Qantas, Air New Zealand, Air Canada, Delta Airlines,
Continental, Virgin Blue, Flybe Please see article on carbon-off-set and the ICAO web site for information on the ICAO
aviation methodology for calculating aviation carbon offset emissions
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Getting Airlines Involved

In Voluntary Trading

The last chapter of the report looks at a number
of possible ways for airlines to become involved
in some form of voluntary emissions trading. Four
broad ways are considered in which this might be
done.

Firstly, airlines might consider participation in an
existing voluntary emissions trading scheme.
However, the report finds that there would
appear to be very little opportunity for this,either
because these schemes are not open to new par-
ticipants, or they are limited to certain countries,
or they do not appear to be easily adaptable for
participation by airlines.

Secondly, airlines might consider developing a
carbon offset capability. This could either be done
as a service offered to customers, or alternatively
it could be funded directly by the operator itself.
An important difference between these two
options — besides the funding — is that in the first
case, there is no predetermined amount of emis-
sions reduction, while in the second case there
would be.

Thirdly, airlines could consider the development
of voluntary agreements as a precursor to an
emissions trading system. Such agreements
should then include an enforceable commitment
to achieve emissions reductions below an appro-
priate baseline; for example, using a voluntary
fuel efficiency target. To the extent that voluntary
trading would be part of a voluntary agreement
between government and industry partners, the
ICAO Template for Voluntary Measures may be a
useful reference document, although in that case
the ICAO Template would have to be adapted for
this specific purpose.

Finally, one could envision the establishment of
an aviation-only voluntary emissions trading
scheme. The report notes that given the greater
worldwide focus by governments on solutions to
climate change issues, the likelihood of govern-
ment support for this type of solution would be
expected to increase over time.

The Way Ahead

The final section of the CEAP report addresses
future developments and describes some of the
commonalities and differences between volun-
tary and mandatory trading schemes, making ref-
erence to the ICAO Guidance on Emissions
Trading for Aviation addressed earlier in the previ-
ous article. It briefly discusses the role that ICAO
could potentially play to encourage and support
the development of voluntary schemes that inter-
ested Contracting States and international organ-
izations might propose. While recognizing that
ICAO may not wish to be directly involved in set-
ting up voluntary emissions trading schemes, it is
suggested it could play an important facilitator
role, by:

e Providing a forum to develop and review volun-
tary emissions trading schemes;

e Encouraging the use and recognition of such
schemes;

e Providing technical information to support such
schemes;

e Encouraging consistency between such
schemes;

e Facilitating or assisting in the verification of avi-
ation emissions data.

Reference

1. This article is based largely on information
developed by CAEP as contained in the CAEP/7
Report (Doc 9886).
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A Proposed Emissions Trading

Scheme For Aviation

In December 2006 the European Commission
proposed draft legislation to bring aviation CO,
emissions within the European Union's
Greenhouse Gas Emissions Trading scheme (“EU
ETS"). The proposal aims at reconciling the avia-
tion sector’s future growth in Europe with the
need for significant reductions in global green-
house gas emissions from all sectors.

The Unique Status of

International Aviation

International air transport is different from most
other sectors in terms of how its greenhouse gas
(GHG) emissions are accounted for under the
1992 United Nations Framework Convention on
Climate Change (UNFCCC). Emissions from inter-
national flights are not included in the national
GHG emission totals reported by Parties to the
UNFCCC, and are therefore not subject to the
quantified emissions limitations accepted by the
developed countries which ratified the Kyoto
Protocol ( see article on 2006 IPCC Guidelines for
National Greenhouse Gas Inventories, earlier in
this chapter).

Instead, the parties negotiating the Kyoto
Protocol agreed to include an explicit, collective
obligation for developed countries (i.e. "Annex |
countries”) to pursue the limitation or reduction
of emissions from aviation, working through the
International Civil Aviation Organization (ICAQ).

This means that the collective nature of the obli-
gation on parties which is a key part of the legal
and political pressure, and drives States to imple-
ment mitigation measures for other sectors, does
not apply to international air transport.

Moreover, the fundamental role of the principle of
“common but differentiated responsibilities"”
under the UNFCCC and the explicit distinction
between Annex | countries and other countries in
the Kyoto Protocol’s provision on aviation emis-
sions has made it difficult for ICAO Contracting
States to agree on specific measures to be imple-

mented uniformly by all nations. The reluctance of
developing countries to commit themselves to
more demanding policies, combined with the lack
of leadership from industrialized countries has
prevented this from happening.

ICAO Policy on Emissions Trading
However, at the 34th session of the Assembly in
2001, ICAO took an important decision by endors-
ing the idea of using “open” emissions trading for
international aviation emissions?. Following three
years of further studies on options for implemen-
tation, ICAQO’s Committee on Aviation
Environmental Protection (CAEP) at its sixth
meeting in 2004, concluded that a global, avia-
tion-specific emissions trading system based on a
new legal instrument under ICAO auspices
"...seemed sufficiently unattractive that it should
not be pursued further” This was a logical deci-
sion given that the institutional infrastructure
required for open (cross-sector) trading by defini-
tion is not specific to aviation and to a large extent
already exists or is being developed under the
UNFCCC or by its parties.

ICAO instead decided to pursue implementation
by developing guidance for Contracting States to
facilitate the incorporation of international aviation
into the State's existing emissions trading
schemes. This approach is consistent with the
principle of “common but differentiated responsi-
bilities" as it enables States to decide individually
whether or not to implement emissions trading in
their country taking into account their level of
development, and whether they have an emis-
sions trading scheme in place. By definition, it
requires an initiative from the State in question as
only the States themselves can amend their own
schemes to incorporate aviation. It is this
approach which the European Commission has
proposed for implementation in Europe.

1 As opposed to a “closed” system, “open” emission trading refers to a system in which emissions rights can be trad-
ed across sectors and not just within a given sector. Open trading is generally considered more economically efficient.
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In parallel with work on the proposal, the
Commission and EU member States have active-
ly participated in the development of ICAO guid-
ance on emissions trading. The guidance material
has benefited greatly from experiences with
Europe’s existing scheme, as well as findings
from studies on aviation specific issues conduct-
ed by the Commission as part of developing its
own strategy.

The EU Strategy - Emissions

Trading as Part of a

Comprehensive Approach

In September 2005, the European Commission
issued a Communication on reducing the climate
change impact of aviation2. The Communication
recognized that the rapid growth in emissions in
the aviation sector undermines progress to
reduce emissions made in other sectors, and that
a comprehensive approach with several elements
is necessary. It stated that this approach must
include: more research into cleaner technologies,
further improvements in air traffic management,
and continued development of ICAO technical
standards. It also emphasized that the combined
effect of these measures would not be sufficient
to offset the growth in aviation emissions. It con-
cluded that market-based measures should also
be considered and that including aviation in the
EU ETS would be the most cost-efficient and
environmentally effective way forward. It there-
fore indicated that the Commission would put for-
ward a proposal for European Union legislation by
the end of 2006.

The Commission’s strategy was widely wel-
comed by EU governments and other EU institu-
tions. Several initiatives have been taken to imple-
ment the various elements, of which the pro-
posed emissions trading scheme is just one.
Other examples include the "“Single European
Sky” and “SESAR"3 initiatives aimed at improv-
ing air traffic management and, more recently,
the “Clean Sky" Joint Technology Initiative (JTI)
presented in June 2007 The latter will set up a
public-private-partnership, pooling aircraft indus-
try and Commission resources into targeted
large-scale research programmes dedicated to
the objective of significant emissions reductions
from future generations of aircraft and engine
technologies. The EU’'s Seventh Research
Framework Programme will contribute $ 800 mil-
lion, a sum that will be matched by industry.

The EU Emissions Trading Scheme
The EU ETS is the cornerstone of the EU’s mar-
ket-based strategy to reduce greenhouse gas
emissions as cost-effectively as possible. The EU
ETS began operation on January 1, 2005 and sets
a mandatory cap on the absolute emissions from
around 10,600 large energy intensive installations
across the EU. It covers around 2 billion tonnes of
CO, or about half the EU’s total CO, emissions.

Under the scheme, operators are allocated
allowances, each giving them a right to emit one
tonne of carbon dioxide per year. The total num-
ber of allowances allocated sets a limit on the
overall emissions from the activities covered by
the scheme. By April 30th each year, operators
must surrender allowances to cover their actual
emissions. Operators can trade allowances so
that emissions reductions can be made where
they are most cost-effective. In addition to
allowances allocated under the scheme, opera-
tors can also use credits from emission-reduction
projects under the Kyoto Protocol's Joint
Implementation (JI) and Clean Development
Mechanism (CDM) to cover their emissions. The
EU ETS is already a major driver for the global car-
bon market and European demand for credits rep-
resents a large part of the investments generated
in developing countries through the CDM (see
Box 1).

Main Features of The Proposed
Trading Scheme For Aviation

On December 20, 2006, the Commission adopt-
ed a legislative proposal to extend the EU ETS to
aviation. The proposal is accompanied by a
detailed impact assessment evaluating the pros
and cons of various design options, and the mag-
nitude of likely economic, social and environmen-
tal effects.

An important objective of the proposal is to pro-
vide a model for aviation emissions trading that
can be a point of reference in the EU’s contacts
with key international partners and to promote
the development of similar systems worldwide.
The Commission also supports the objective of a
global agreement aimed at effectively tackling avi-
ation emissions as part of worldwide efforts to
mitigate climate change.

2See http://ec.europa.eu/environment/climat/aviation_en.htm

3 SESAR : Single European Sky ATM Research
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Benefits Of Carbon Trading For
Developing Countries

Just as measures to combat climate change
will benefit Europe and other developed
nations, they are also in the long-term inter-
est of less wealthy countries. Since vulnera-
ble populations are the first to suffer the
impact of floods, storms, droughts and the
other effects of climate change, developing
countries have every interest in joining the
global effort.

But also in a shorter timescale, the carbon
market and not least the EU ETS create tan-
gible benefits in terms of inward investments
in countries all over the world through the
Clean Development Mechanism (CDM) and
Joint Implementation (JI) projects under the
Kyoto Protocol. Examples of countries which
already benefit substantially from such proj-
ects are:

e [ndia - 459 projects in pipeline, amounting
to 278 Mt* CO, eq.

e Brazil - 190 projects in pipeline, amounting
to 148 Mt CO, eq.

e China- 177 projects in pipeline, amounting
to 519 Mt CO, eq.

e Mexico - 132 projects in pipeline, amount-
ing to 57 Mt CO, eq.

e QOther countries — 316 projects

EU ETS is a key driver for these investments,
and the expected market for JI and CDM in
the EU ETS of up to 1.3 billion tonnes over
2008-12.

Source: New Carbon Finance

The key aspects of the proposal are as follows.

Scope

e Atits startin 2011, only flights between EU air-
ports would be included in the scheme. From
2012 this would be extended to all flights arriv-
ing at or departing from an EU airport;

The scheme would not apply to flights arriving
from any third country that puts in place equiv-
alent measures to reduce the climate change
impact of aviation;

e The scheme would only cover CO, emissions.
The Commission will carry out a study and
evaluation of the options to address nitrogen
oxide (NO,) emissions and put forward a fur-
ther proposal, supported by an impact assess-
ment, by the end of 2008.

Allocation

e |n contrast to the existing EU scheme, the
method of allocating allowances would be har-
monized at EU and not at Member State level;

e The total number of allowances to be allocated
to the aviation sector would be determined by
reference to average emissions from aviation
in the years 2004-2006;

e The majority of allowances would be allocated
free of charge on the basis of a benchmark to
aircraft operators which submit an application
(the earliest application relating to 2008 data).

e |In the first period, a small proportion of
allowances (expected to be around 3%) would
be auctioned. Thereafter, the percentage auc-
tioned would be decided in the light of the
results of the general review of the EU ETS
due for completion later this year;

e Auctioning proceeds would be used to miti-
gate and adapt to the impacts of climate
change and to cover administrative costs (see
Box 2).

Access to Reduction Options
in Other Sectors

e |f necessary, aircraft operators would be able
to buy allowances from other sectors in the
scheme to cover increases in their emissions;

e Aircraft operators would also be able to use
project credits — so-called Emission Reduction
Units (ERUs) and Certified Emission
Reductions (CERs) - from the Joint
Implementation or Clean Development
Mechanisms (JI/CDM) provided for in the
Kyoto Protocol up to a harmonized limit equiv-
alent to the average of the limits applied by EU
Member States for other sectors in the EU
ETS;

4 Mt : Million Tonnes
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Use Of Auctioning Revenues

The Commission has proposed that any pro-
ceeds from the auctioning of these
allowances should be used to mitigate green-
house gas emissions to: adapt to the impacts
of climate change, fund research and devel-
opment for mitigation and adaptation, and
cover the costs of administering the scheme.
The use of auctioning proceeds should in par-
ticular fund contributions to the Global
Energy Efficiency and Renewable Energy
Fund (GEEREF), and measures to avoid
deforestation and facilitate adaptation in
developing countries.

GEEREF is an innovative global risk capital
fund set up by the European Commission in
2006 to mobilize private investment in ener-
gy efficiency and renewable energy projects
in developing countries and economies in
transition.

GEEREF will help to provide clean, secure
and affordable energy supplies to some of
the 1.6 billion people around the world who
currently have no access to electricity. It will
do so by accelerating the transfer, develop-
ment and deployment of environmentally
sound energy technologies. This will combat
both climate change and air pollution, and will
contribute to a more equitable distribution of
Clean Development Mechanism projects in
developing countries.

The Commission is investing $ 80 million into
GEEREF over four years. Additional pledges,
including those from Germany, Italy, and
Norway, bring the total amount of invest-
ment so far to $ 122 million. This funding is
expected to mobilize additional risk capital of
between $ 300 million and $ 1 billion in the
longer term. GEEREF should be operational
and making initial investments before the
end of 2007

Administration

e |ike other participants in the Community
scheme, aircraft operators would have to mon-
itor their emissions of carbon dioxide and
report them to the competent authority.
Member State by March 31st each year. The
reports would be independently verified to
make sure that they are accurate. The basic
principles for monitoring, reporting and verify-
ing of emissions set out in the proposal would
be elaborated by guidelines;

e Aircraft operators would be the entities
responsible for complying with the obligations
imposed by the scheme;

e |n order to avoid duplication and an excessive
administrative burden on aircraft operators,
each aircraft operator, including operators from
third countries, would be administered by one
Member State only;

The full proposal and supporting impact assess-
ment can be accessed on the Commission’s web-
site at the following address:
http://ec.europa.eu/environment/climat/avia-
tion_en.htm

Next Steps

It is emphasized that this is currently a proposal
for legislation, and as such has no legal force.
Before it can become European law it must be
adopted by the Council of Ministers and the
European Parliament. This process is known as
the co-decision procedure and could take
between one and three years. Once adopted
there will be a further period for EU Member
States to make the necessary legislative and
administrative arrangements to implement the
legislation.

The Commission presented its proposal after an
open public consultation in 2005 accessible to all
stakeholders via the Internet and after detailed
discussions with any stakeholders expressing an
interest. However, the Commission remains open
to discuss any aspect of its proposal with stake-
holders in and outside of Europe. As the propos-
al must be agreed by both the Council of
Ministers and the European Parliament to
become law, it is equally important to discuss
potential concerns and possible remedies with
the EU Member States (who together will define
the position of the Council of Ministers), as well
as members of the European Parliament.
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Voluntary Emission Reduction
Schemes and the Way Forward

This article discusses voluntary emission reduc-
tion schemes in air transport and tries to find the
path that could lead to sustainable growth. It is
composed of three parts. First, it addresses basic
issues by defining key concepts involved in volun-
tary emission reduction schemes. Second, as a
case study, the unilateral commitment by
Japanese airlines is described and analyzed, and
an econometric analysis identifies the impacts of
such an action. Finally, the paper concludes by
highlighting key factors for identifying “The Way
Forward.”

Basic Issues and Definitions

Before discussing this subject in detail it is impor-
tant to understand two basic concepts related to
the reduction of emissions; the exact meaning
and approaches to emission reductions, and the
schemes that are used to achieve them.

Emission Reductions

The most orthodox definition of “emission reduc-
tions” is when the level of emission is projected
into the future by the business as usual (BAU)
case and then reduced by introducing new initia-
tives, such as installing new efficient aircraft and
engines, improving operational efficiency, utilizing
alternative fuel, etc.

The second approach is what is often referred to
as an offset by which the end user pays money to
mitigate what he/she has emitted. For example,
approximately three tons of CO, emissions per
passenger would be caused by a round trip jour-
ney between Tokyo and Montreal. Under the off-
set scheme, the carrier involved would provide
money to an institution that would offset the envi-
ronmental footprint of that flight by taking such
actions as tree planting, carbon storage, etc.
Some claim that this is not a true “reduction”
since it may only serve as an excuse for pollution.
However, it is believed that if the offset is execut-
ed properly, it would contribute to stabilize net
emission levels. Today, there are numerous offset
programs in operation throughout the world,
although accreditation of programs and standard-
ization of the method of calculating CO, emis-
sions from specific trips, are both issues that
need to be resolved. There is currently an initia-
tive in ICAO to develop a standard methodology
for the assessment of aviation emissions for off-
sets schemes (see article on the Carbon Offset
Project).

The third way to look at emission reductions is in
terms of units of reduction. Emissions are a prod-
uct of CO, intensity and the level of output. Thus,
reductions may be achieved through decreases in
CO, intensity or in the absolute emission level.
This difference is important because intensity tar-
geting is more equitable when there is discrepan-
¢y in growth of output.

Voluntary Schemes

There are a number of issues that need to be
addressed in explaining the meaning of voluntary
emission reduction schemes and programs. First,
it is important to define “who” is taking the vol-
untary action. Normally, we have the end users
such as the airlines or passengers/shippers in
mind when voluntary action is discussed. Other
intermediate parties and stakeholders such as air-
ports, aircraft/engine manufacturers, fuel suppli-
ers, ATC providers, etc., are usually regarded as
infrastructure rather than as end users. Measures
taken by these groups are equally as important as
steps taken by the end users, but the end users
do not have direct control over the infrastruc-
tures. Thus, it should be noted that we are basi-
cally focusing in this article on actions taken by
the end users when referring to voluntary
actions.

There can also be various types of voluntary
schemes, some of which are linked to other
mechanisms, and others which are not. The uni-
lateral commitment by airlines in Japan is an
example of the latter. There are other schemes
that have linkages to agreements among govern-
ments or that exist because of participation in an
emission trading scheme. This leads to categoriz-
ing voluntary schemes in terms of whether incen-
tives are provided or not. Unilateral commitments
usually do not involve monetary incentives
because social returns are what make them
work. In many programs, some sort of reward is
provided when a target is achieved and penalties
are imposed when targets are missed. Voluntary
Emissions Trading Systems (ETS) in UK and Japan
offer tax-breaks and subsidies for participants that
meet targets.
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Finally, a clear distinction should be made
between voluntary schemes and market-based
options. Market-based options usually involve tax-
ation, charges, or emission caps and are essen-
tially a mechanism to offset social costs when the
exact causes of emissions cannot be identified.

AirTransport in Japan: A Case of
Voluntary Emission Reductions

The best way to understand how a voluntary
emissions program works and to get a sense of
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This 20% lower level of CO, in Japan shows how aircraft size can have
a significant effect on CO, intensity. Average aircraft size in Japan is
about 20-30% larger than the global average which accounts for about
half of the intensity gap (elasticity is -0.5). Also, average aircraft age of
the Japanese commercial fleet is about 20% younger than the global
average, which is the other major factor that accounts for the differ-
ence. The following figure illustrates this difference caused by different
fleet characteristics.
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Table 1: Voluntary CO, Reduction Plan In Domestic Air Transport In Japan.

its impact is to look at an actual case study such
as the voluntary emission reduction scheme that
was implemented for air transport in Japan.

CO, Emissions and Domestic Air
Transport In Japan

The transport sector in Japan, is estimated to be
responsible for 20% of total domestic green
house gas (GHG) emissions, with air transport
covering 4% of that, making it a relatively small
sub-segment. Also, due to the utilization of mod-
ern aircraft and substantially larger fleet sizes, the
CO, intensity of air transport in Japan has been
approximately 20% below that of the average for
global international air transport.

In Japan, as with most developed nations, the
automobile makes up the major sub-segment of
transport, accounting for two-thirds of total trans-
port emissions. One characteristic that makes
Japan’s overall transport system relatively effi-
cient is the extensive utilization of high-speed rail-
ways.

After Japan signed the Kyoto Protocol in 1997, the
airline industry initiated a voluntary plan as part of
multi-sectoral program implemented by Nippon
Keidanren (Japanese Business Foundation). The
target was set at 10% reduction in CO, intensity
between 1990 and 2010. This voluntary plan was
consolidated into the overall transport-sector pro-
gram by the Ministry of Transport and then into
the National Global Warming Prevention Package
(NGWPP). Originally, intensity targeting was used
for that target, but in 2002 the revised version of
the NGWPP converted this target into absolute
levels.

Year Action Taken Emission Reduction Targets | Related Events

1997 Airline voluntary plan initiated as part of multi-sectoral CO2/ASK -10% by 2010 COP3
program by Nippon Keidanren (Japan Business Federation) | (base year 1990)

1998 Airline voluntary plan consolidated into transport-sector COP4
program by Ministry of Transport

1999 Voluntary plan incorporated into the Global Warming CO2/ASK -7% by 2010 COP5
Prevention Package (base year 1995)

2002 CO2 intensity target is converted into CO2 emission level 1.1 MT-CO2 reduction COP3
in the Global Warming Prevention Package (version 2) by 2010 Japan ratifies

2004 Airlines achieved 1.77 MT-CO2 reduction (CO2/RPK -14%) COP10/MOP1

2005 Reduction target revised and incorporated into the legal 1.9 MT-CO2 (CO2/RPK -15%) COP3 comes
framework of National COP3 Achievement Plan reduction by 2010 into effect
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A follow-up was done in 2004 that revealed that
the airline industry was doing very well and had in
fact already accomplished the target. So, in
response to a government request for a revised
target, the airlines came up with the current tar-
get to reduce emissions to 1.9 CO,-MT; which is
equivalent to a 15% reduction in intensity from
2005 to 2010. Table 1 lists the calendar of events
that led to this.

The performance of domestic air transport in
Japan has been quite promising and we can see
from Figure 1 that it has achieved sustainable
growth when compared to the BAU case.

In 1985 CO, intensity for the air transport
sector was 30% higher than for private
automobiles but by 2005 the situation was
reversed with the CO, intensity for the air
transport at 25% below private automo-
biles. In fact, air transport is the only sub-
segment of the transport sector that has
reduced CO, intensity.

Impact Of The Voluntary Plan

The logical question at this point was whether the
emission reductions observed could be attributed
directly to the implementation of the voluntary
plan. To determine this, an econometric analysis
was conducted to see exactly what was behind
the change in CO, intensity. The equation that
was used to estimate this scenario was as fol-
lows:

In(CO2/ paxkm) = ¢ + oot +ogd + e, In(dis) + a L F +ag Infcapa) + €

The dependent variable (CO,/paxkm), is the
amount of CO, emitted per revenue passenger
kilometer (RPK), and it is a function of five(5) vari-
ables as follows:

Natural log is taken for variables using “/n”
Technological and operational improvements are
captured by the time trend (). A dummy variable
for 1998 and onwards (d) is included to see if
there is any systematic change after the voluntary
plan. Constants are: average stage length (dis),
load factor (L/F), and average aircraft size (capa).
€ is the error term. The dependent variable is
expressed in log form so that the time trend (1)
could be seen as annual improvements, and the
dummy variable (d) as a shift from the trend. The
equation was estimated by autoregressive model
(AR1) using 1985-2005 data.
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Figure 1 - CO, emissions from domestic air transport in Japan.

The result of the regression analysis is listed in
Table 2. From 1985 to 2005, a 1.1% per annum
efficiency gain is observed. In addition, there is a
clear sign of a one-time efficiency gain of 3.6%
after 1998. Other year dummies were tested and
the best fit was 1998. To enhance robustness, a
similar analysis of US domestic and global inter-
national air transport markets was conducted.
There were no signs of systematic change after
1998 in these markets.

Table 2 — Results of the econometric analysis.

2004

parameter estimate standard error | t-statistics
c 6.90 0.35 19.45%*
t -0.011 0.001 -11.44%*
d -0.036 0.008 -4.52%*
In(dis) 0.26 0.09 2.95%%
L/F -1.24 0.06 20.98**
In(capa) -0.49 0.07 -7.03**
rho -0.37 0.20 -1.90

Dependent variable: In(CO2/RPK)
**. Significance, p<0.01 Adjusted R2: 0.982

Based on this analysis, it appears that voluntary
measures had a clear impact on CO, intensity
improvements in Japan. This has a number of pol-
icy implications for international air transport. For
example, would voluntary measures worldwide
serve as a gateway to sustainable growth? Which
is appropriate for targeting internationally; CO,
intensity or absolute levels? What is unique about
international air transport compared with domes-
tic air services?

The Way Forward

Based on what we know to-date, it is difficult to
draw conclusions about these questions.
However, there are some implications that should
be taken into account when we consider the next
step.

2005
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The following two graphics put the current CO,
emissions situation into perspective by depicting
international aviation and marine CO, emissions
from fuel consumption. Figure 2 shows total CO,
emissions from air and marine transport fuel
combustion in terms of tons, while Figure 3
shows those same emissions as a percetage of
total global CO, emissions.
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Figure 2 — CO, emissions from air and marine transport fuel combustion.
Note: international aviation and marine data are for “international bunker fuel.”
Source: International Energy Agency.
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Figure 3 - CO, emissions

from air and marine fuel combustion as a percentage of

aggregate global CO, emissions.
Note: international aviation and marine data are for “international bunker fuel.”
Source: International Energy Agency.

Past Trends and What Lies Ahead
From 1990 to 2004, global international air
transport in RPK increased from 556 billion
to 2,015 billion; a growth rate of approxi-
mately 6% per annum’. During the same
period, total CO, emissions from global air
transport increased from 290 million tons to
397 million tons; 2.2% growth per annum.
The air sector’s share of global CO, emis-
sion is relatively low and quite stable at
1.56%?2. This performance is quite significant
since the 3.8% difference between the 6%
growth in output and the 2.2 % CO, emis-
sion increase represents an improvement in
COy intensity.

During the same period, global CO, emission per
GDP fell by only 1.0% per year. ICAO/CAEP fore-
casts a 4.3 % annual growth in RPK for the peri-
od 2000 to 2020. The question then becomes;
how much in CO, emission increases from this
output growth could be offset by CO, intensity
improvements, and is there a need for additional
reductions?

Special Features of

International Air Transport

The basic objective of overall GHG mitigation pol-
icy is to stabilize its concentration levels. There is
no doubt that in order to stop the atmospheric
concentration from rising, GHG production must
be controlled. However, is it rational to apply the
same framework to international air transport as
to other sectors?

It is believed my many that there are important
aspects of international air transport that deserve
special attention such as:

e |nternational air transport, together with inter-
national maritime transport, facilitates interna-
tional trade and cross-border mutual under-
standing. This unique role needs to be taken
into account.

e The global political economy is complex. Not
only does international air transport involve 190
contracting states (both North and South), but
in addition to governments, it consists of mul-
tiple  stakeholders such as airlines,
aircraft/engine manufactures, airports, ATC
providers, fuel industry, etc.

1 ICAO statistics compiled and calculated by the author. Two major factors are behind demand growth; economic growth
and reduction in airfare. Between 1990 and 2004, global GDP grew by 2.6% per annum and average airfare declined by

3.4% per annum.

2 |EA international bunker fuel data compiled and calculated by the author.
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e The very fact that international air transport
involves cross-border operations requires coor-
dination among multiple nations. Thus, steps
taken by individual states often have multiple
extra-territorial effects.

Clearly, policy formulation needs to be based on
international multi-agent collective goal-setting.
There should be a clear distinction between gen-
eral global warming prevention policies and
schemes to mitigate CO, emissions in interna-
tional air transport.

The Way Forward

Figure 5 depicts the governance structures for
various reduction schemes. The left-hand side
shows the regulatory and market-based meas-
ures; “hard governance.” On the right-hand side,
the “voluntary schemes” are listed. They are
based on internal motivations. The obvious ques-
tions arise. Why are there differences in the gov-
ernance structure? Which type should be chosen
under what circumstances?

If we place emphasis on technology-driven
dynamic sustainability it may be appropriate to
start off with the soft governance and encourage
stakeholders to take their own initiatives. The
global political economy of international air trans-
port is too complex to jump on the first solution
that comes along. In the medium-term we may
move on to something strict. As the expression
goes, “More haste, less speed.”

CO, emission targeting for aircraft manufacturers
by independent experts initiated in ICAO/CAEP is
a good starting point. CO, intensity targeting
could also be effective and fair for the airlines,
whether the scheme is voluntary or not. As we
have demonstrated above with the Japanese
experience, international air transport does have
the capability of improving efficiency.

Thus, “the way forward” with respect to global
aviation emissions depends on what consensus
can be reached by the international air transport
community in terms of what has to be done, who
should be responsible for what; as well as time-
frames to accomplish the goals set. The first step
would be to reach consensus on the extent to
which aviation contributes to global warming and
then send out a credible and convincing message
to that effect. Confrontation is counterproduc-
tive. In the international aviation community, we
all need to move forward in the same direction. To
this end, ICAQ is expected to serve as a continu-
ing forum for policy formation. The welfare of
future generations rests on all of our shoulders.
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Figure 4 — Comparison of CO, intensity

levels.

Note: CO2 per passenger kilometer in international air transport: (1)/(2) 1984=100.

Sources:

(1) CO, emission: CO, Emission from Fuel Combustion (International aviation bunker

fuel3), International Energy Agency.

(2) International scheduled passenger kilometers performed: ICAO data.
Global CO,-ton per GDP in constant US$: (3)/(4) 1984=100.

(3) Global CO, emission: CO, emission
Agency.

from fuel combustion, International Energy

(4) GDP in constant US$ (2000): World Economic Outlook Database, International

Monetary Fund.
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Aviation Carbon Offsetting

The purpose of this article is to provide a descrip-
tion of carbon offsetting and an update of ICAO's
efforts in this area. Specifically, the article
explains the concept of carbon offsetting, dis-
cusses the factors involved in calculating perpas-
senger air travel emissions and describes some
existing perpassenger aviation emissions
methodologies. The article concludes with a sum-
mary of ICAO's ongoing work to evaluate perpas-
senger aviation emissions calculators outlines
ICAQ’s efforts to develop a credible and transpar-
ent guideline for aviation carbon offsetting to be
used by consumers and offset programme
providers alike.

What is Carbon Offsetting?

Human activities, including aviation, release a
number of greenhouse gases (GHG) such as car-
bon dioxide (CO,), in the atmosphere and
methane (CH,) and nitrous oxide (N,O). The
impact of these gases on the climate is complex
and is dependent on a host of variables (including
atmospheric concentration and relative molecular
impact).

Simple everyday actions such as turning on a
light, driving to work or flying to a conference uti-
lize fossil fuels. These actions, therefore, produce
carbon emissions that contribute to climate
change. It is therefore very important that those
performing these actions become involved in a
concerted and coordinated global effort to reduce
the amount of energy they consume.

One way that an individual or organization can
help with this effort is through voluntarily offset-
ting their carbon emissions. ‘Carbon offsetting’ is
the action of compensating for (or ‘offsetting’) the
GHG emissions associated with a given activity,
by reducing emissions elsewhere. While offset-
ting lessens the impact of an individual's actions
and raises awareness of his or her personal car-
bon footprint, it does not actually reduce the
emissions contributing to climate change.!

Consumers can voluntarily purchase emission
reduction credits (or ‘offsets’) that result from
projects that have reduced carbon emissions in
some way. Since climate change is a global issue,
these carbon reducing projects may occur any-
where in the world.

Some examples of carbon offsetting projects that
reduce greenhouse gas emissions are:

e forestation ;

e capture and destruction of greenhouse gases
resulting from processes associated with land-
fill and wastewater treatment facilities;

e large or small scale renewable energy or ener-
gy efficiency projects;

e |and-use improvement (such as agro-forestry,
reforestation, soil conservation); and,

e reducing energy-related emissions through
fuel-switching (such as replacing oil-fired burn-
ers with natural gas ones).

There are many retail companies that will sell car-
bon offsets to individuals or organizations inter-
ested in voluntarily compensating for the impact
that their activities have on the climate, including
air travel. Of course, in order to offset emissions
from an activity, the quantity of greenhouse
gases arising from that activity must be accurate-
ly calculated. Difficulties frequently occur, either
when accounting for the effectiveness of a proj-
ect to offset greenhouse gases, or when calculat-
ing the emissions to be offset, or both.

Approach to Calculation of

Carbon Emissions

Numerous methodologies for calculating per-pas-
senger emissions specific to the aviation industry
have been proposed by a range of stakeholders
(non-governmental organizations, airlines and for-
profit companies). These existing methodologies
are not harmonized and differ in terms of trans-
parency, variables included, and formulas used to
allocate emissions to the individual passenger.

Determining the perpassenger emissions from a
given flight is a complex problem, with many fac-
tors that must be considered. The ability to
extract and cross-reference vast amounts of diffi-
cult-to-access and current data is required, and as
a result, primarily explicit assumptions are gener-
ally considered a necessity in addition to user
inputs and information from existing databases.

1 Consultation on establishing a voluntary Code of Best Practice for the provision of carbon offsetting to UK customers.
Department for Environment, Food and Rural Affairs. January 2007,
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The process of determining perpassenger has
two stages, firstly calculating total flight emis-
sions and then a perpassenger allocation. The for-
mer can be thought of as the total amount of car-
bon emissions associated with a specific flight,
while the perpassenger allocation addresses the
distribution of the total flight emissions on a pas-
senger level.

Total Flight Emissions

The following is a non-exhaustive summary of the
factors to be considered when calculating total
flight emissions.

Gases and Particles that Impact Climate:

The combustion of jet fuel (kerosene) results in
gases and particles that have an impact on the cli-
mate, including, carbon dioxide (CO,), nitrogen
Oxides (NO,), and for example water vapour,
unburned hydrocarbons and sulphate and soot
particles.

For purposes of comparison and standardization,
the common practice in climate science is to
apply a multiplier called the ‘global warming
potential’ (GWP), resulting in an equivalent
amount of carbon dioxide (CO,). For instance, the
GWP of methane is 21; so every tonne of
methane is equal to 21 tonnes of CO, in terms of
its impact on the climate.

Another measure of GWP is known as the
Radiative Forcing Index (RFI), which multiplies the
amount of CO, actually emitted by a factor,
accounting for the impact of the other emitted
molecules and cloud formation. Although this
issue was introduced by the IPCC in 1999, it, has
since agreed that the RFI should not be used as
an emissions metric since it does not account for
the different residence times of different forcing
agents.

Meteorological Conditions:

The weather conditions have a large impact on
the amount and type of GHG gases (including
some pollutants) associated with a flight for two
reasons. First, engine performance varies signifi-
cantly depending on the atmospheric operating
conditions. Second, pollutants emitted from
engines may react differently in the atmosphere
depending on the weather conditions.

Due to the enormous volume of data required,
most calculators do not include these effects or
assume that they are negated on average. For
instance, the increased fuel consumption due to
a headwind will be negated by the decreased fuel
consumption with a tailwind on the return jour-
ney.

Aircraft Type:

Emissions for a given flight are also heavily
dependent on the combination of airframe, and
engine and their configuration. Separate manu-
facturers may offer engines for use on a given air-
frame. Additionally, different configurations may
be possible for a given airframe/engine configura-
tion.

Apart from these differences, the age and main-
tenance history of a given aircraft will have an
effect on the emissions. For instance, a recently
overhauled engine will likely have better perform-
ance than an engine that is about to be over-
hauled.

Many calculators employ a ‘representative’ air-
craft to address this issue, which generally
involves determining an average, weighted or
most common aircraft used on a given flight.
However, total flight emissions are highly
dependent upon the type of aircraft, and reduc-
tions in accuracy may occur due to these simplifi-
cations.

Flight Path and Cycle:

Of course, one of the main contributor to total
flight emissions is the distance traveled. The
shortest distance between two points on the
globe is called the ‘great circle distance’.

However, aircraft rarely, if ever, travel only the
great-circle distance to their destination, as there
are a number of flight phases, such as landing,
take-off, approach and holding patterns that may
be necessary due to air traffic movement and
control requirements. In addition, in many
instances, there may be intermediate stops that
add significantly to the total distance traveled. For
instance, a flight from Montréal to Prague may
land in London.

Finally, during phases of flight such as run-up,
taxiing, take-off, cruise, descent and landing,
engine operations (and the resulting emissions
rates) are radically different. For instance, the
thrust setting for an engine during take-off is like-
ly to be much higher than that for the cruise por-
tion of the flight.

Mr. Caners obtained his
Master of Science in
Engineering from
Queen'’s University. As an
Associate at ICF
International he works on
multi-sector climate
change policy analysis for
Canadian and US jurisdic-
tions. He has also per-
formed extensive
research in social market-
ing and energy efficiency,
and has experience
developing greenhouse
gas inventories for large
institutions.
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Most calculators require that the user input origin
and destination airports or cities; in some cases,
the user is asked to supply a distance traveled,
which very few travelers are likely to know..

When these factors are not averaged on the
whole, various methods are employed to deter-
mine fuel consumption rate, thrust to fuel con-
sumption ratings and averaged fuel consumption
ratings. Typically, these are then correlated with
factors representing the phases of flight for those
engine settings.

Per-Passenger Allocation

Once the total emissions for a flight have been
determined, those emissions must then be allo-
cated to a passenger on that flight.

Aircraft Configuration:

Seating arrangements, even within a single air-
frame type, can vary significantly from aircraft to
aircraft. For instance, one aircraft may be config-
ured to carry a small number of dignitaries, while
another may be configured to hold as many seats
as possible. As the total emissions are not signif-
icantly effected by payload, the number of seats
on a flight is an important factor.2

However, not all of the available seats on a given
flight are necessarily filled. The ratio of the num-
ber of filled seat to the total number of seats is
called the “load factor”

Many calculators assume an average aircraft con-
figuration and load factor, over an origin/destina-
tion pair, region or airline. Few calculators allocate
for increased carbon emissions to less dense
seating arrangement.

Cargo:

Along with passengers and their luggage, aircraft
normally carry a certain amount of other cargo,
which is not associated with the passengers on
the flight. A fraction of the emissions attribuable
to the freight on a flight should therefore not be
allocated to passengers.

Some calculators utilize an average freight load-
ing factor, distributing the remaining emissions as
discussed above to the passengers on-board.

The interaction of these and other factors not dis-
cussed here leads to a perpassenger emissions
calculation. However, discrepancies between
results are common, due to the range of available
data and number of assumptions required.

Existing Per-Passenger

Emissions Calculators

There is a range of online retail tools in existence
for calculating the emissions associated with a
given flight. Each of these calculators uses some
combination of implicit or explicit assumptions,
user inputs and information from databases. In
the section above, the general steps required
along with the current common practices (for
those calculators where that information is pub-
licly available) of perpassenger calculators were
outlined.

Airlines frequently develop partnerships with
these companies to assist their customers who
wish to offset the carbon from their travel.
However, some airlines have independently
developed carbon calculators, taking advantage
of available and more specific in-house data. Table
1 shows a listing of some common per-passenger
emissions calculators and their basic methodolo-
gies:

Summary of ICAO’s Carbon

Offset Project

Aware of the potential environmental benefits as
well as the high likelihood for consumer confu-
sion surrounding the issue of carbon offsetting,
ICAO has secured the services of experts from
ICF to develop a Carbon Offset Project and pub-
lish a guideline methodology to calculate the per
passenger emissions of carbon dioxide associat-
ed with a given flight. The intention is to provide a
reference tool based on this methodology for any
user interested in an emissions estimate, using
an open and transparent methodology. It also
intends to promote the use of this methodology
to entities interested in providing carbon offsets
with a view to harmonizing the assessment of
aviation emissions.

The project involves :

e identifying and reviewing existing methods
and available data;

e developing an ICAO approved methodology;
e testing and validating the methodology;
e providing a web-based reference tool; and,

e disseminating the methodology through the
ICAO website.

2 DLR 2000: Databases with emissions_profiles of civil jets. Research project 10506085 as commissioned by the
German Federal Environmental Agency, TUV-Rheinland, DIV, Wuppertal Institute for Environment, Climate and Energy.
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Table 1: Comparison of existing carbon offset calculators.

Basic User Inputs Specific Variables
Round Virtual
Calculator Flight Seat City By Trip or | Specific or Freight | Load
Number | Class Pair | Airport One Aircraft | Average | Variable | Factor
Way Type Aircraft
Option
1 N N Y Y Y N Y N N
2 N N Y Y Y Y Y Y Y
3 N N Y Y Y N Y Y Y
4 N N Y Y Y N NA N N
5 N N N N N N NA N N
6 N N Y Y Y Y N N Y
7 N N Y Y Y N NA N N
9 N Y Y Y Y Y Y Y Only for|
national
airlines.
Source: ICF

ICAO Methodology

The aim of the methodology is to provide perpas-
senger CO, emission estimates that are based
on industry averages in a reasonable and trans-
parent manner, while accounting for all relevant
factors. These relevant factors may include a pas-
senger load factor and a freight factor based on
recent historical route averages. The allocation
between the passengers and the freight carried
by the aircraft may be based on a mass basis to
ensure that neither is allowed to “piggy-back” on
the other.

In order to account for the differences in capacity
the methodology will also provide cabin class fac-
tors based on the additional space required for
premium seating arrangements. These factors
may be based on industry averages as deter-
mined by ICAO.

The underlying dataset of the methodology may
be that of the EMEP/CORINAIR Emissions
Inventory Guidebook (EIG) which is the recom-
mended dataset from the 2006 IPCC Guidelines
for National Greenhouse Gas Inventories. This
dataset includes similar aircraft types in represen-
tative aircraft groups. For each of the representa-
tive aircraft, discrete mission distances and
accompanying fuel burn totals are reported. With
the simplifying assumption that all fuel is burned

to form carbon dioxide, it is possible to estimate
the carbon dioxide emissions associated with any
length of flight by interpolation.

The methodology will detail how the data of EIG
is combined with the schedules databases main-
tained by ICAOQ in order to establish route specif-
ic average emission factors. The underlying fac-
tors supporting this tool can be updated annually
by ICAO and provided in a common format to
enable users to update their versions of the car-
bon dioxide calculator.

The reference tool will require only a minimum
amount of information to be provided to it and will
report the perpassenger emissions for a given
city pair or a series of city pairs in tonnes of car-
bon dioxide per passenger.

ICAO has endeavored to engage all interested
industry stakeholders throughout the develop-
ment process, and as a result, the methodology
will reflect this consensus approach. The method-
ology is currently under development and will be
evaluated by ICAO/CAEPR

This ICAO tool is part of ICAO’s continuing com-
mitment to support the UN's efforts to deal with
climate change, and it will provide guidance to
those participating in carbon offset programme.
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Alternative Fuels

By ICAO Secretariat

Potential Effects of Alternative Fuels on
Local and Global Aviation Emissions

Alternative fuels for aviation are not a new con-
cept. Early jet engines were developed that used
hydrogen, but, eventually, the realization that air-
craft need a fuel that has high energy content per
weight and volume led to the adoption of
kerosene as the standard aviation fuel.

Since the energy crisis of the 1970's, almost all of
the energy, aircraft, and engine companies have
been investigating the practicality of using alter-
native fuels in near, mid, and long-term. Concerns
about rising fuel costs, energy supply security
and the environmental effects of aviation are pro-
viding a significant stimulus to take a fresh look at
the use of alternative fuels for aviation. In the last
two years, interest has increased dramatically.

This article looks at what is driving current
research and development of alternative aviation
fuels; it examines the possibilities being consid-
ered and how they compare with conventional
fuels; it considers the reasons for optimism and
caution and, finally, looks at future developments.

Issues Driving The Development

Of Alternative Fuels

Environmental concerns are not the main motiva-
tion for developing alternative fuels for aviation.
The dramatic rise in fuel prices we have experi-
enced in recent years has caused intense con-
cern in the aviation industry. The point is being
reached where efficiency gains in other areas of
the airline industry are being negated by increas-
es in fuel costs. The possibility of switching to
alternative fuels which may not be subject to the
same factors which drive fossil fuel prices (i.e.,
availability of supplies; geopolitical events;
extreme weather events, etc.), becomes increas-
ingly attractive.

Discovery of new crude oil reserves has been
falling while global demand has been rising. While
demand for fuel in most sectors of the economy
is either rising only slowly or is stable, demand in
the transport sector continues to rise significant-

ly. Some experts are concerned that future global
fuel demands will outstrip supplies and that jet
fuel prices could escalate significantly as a result.

Another major non-environmental driver of this
search for alternative fuels is the concern over
stability of supply, given current global political
concerns and the fact that most states do not
produce much or even any of their own crude oil.

Of course, the environmental concerns remain,
and any fuel which could be used by aircraft
which would produce lower emissions, such as
particulate matter and carbon dioxide, would be
of great interest to the industry.

Alternative Fuels For Aviation

Jet fuels that are currently used by both civil and
military aviation are a blend of complex hydrocar-
bons, and the specific composition varies within
broad performance specification limits. However,
typically they comprise 60 percent paraffins, 20
percent naphthenes, and 20 percent aromatics.
Also present may be sulphur; usually at less than
500 parts per million (ppm). The naphthenes and
aromatics have a higher carbon to hydrogen ratio
than the paraffins, which gives them greater volu-
metric efficiency, but they include compounds
which are more likely to result in the release of
particulate matter in the engine exhaust — which
is becoming an area of increasing environmental
concern. Table 1 shows the typical composition of
aviation jet fuel.

Table 1 - Typical chemical composition of standard jet
fuel.

Chemical Component Amount

Paraffins 60%

Naphthenes 20%

Aromatics 20%
Sulfur 500 ppm

Alternative fuels for aviation may broadly be clas-
sified into two categories; drop-in fuels and non
drop-in fuels.
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Drop-In Fuels

Fuels referred to as “drop-in” fuels can be substi-
tuted directly for conventional fuels without any
changes to aircraft or engines required. Currently,
synthetic jet fuels are manufactured using a
FischerTropsch process, from coal, natural gas,
oil shale or tar sands, or other hydrocarbon feed
stocks (even biomass). The base feed stock is
gasified to create a mixture of carbon monoxide
and hydrogen. These particular gasses are then
recombined to form a liquid hydrocarbon fuel.

Synthetic fuels are very similar in chemistry and
performance to conventional jet fuel, but have
almost zero sulfur and aromatics, and have a
slightly higher hydrogen-to-carbon (H/C) ratio. This
may result in lower particulate exhaust emis-
sions, and slightly lower carbon dioxide (CO,)
emissions. In addition, synthetic fuels exhibit
excellent low-temperature properties, maintain-
ing a low viscosity at cold ambient temperatures.
High temperature properties are also better,
resulting in improved heat sink capabilities with
less fuel system carbon deposits. Synthetic fuels
have very good performance, and have already
been in use for many years in the Johannesburg
South Africa airport (Sasol fuel), hence it should
be relatively easy to supplement current jet fuel
supplies with synthetic derived fuel. If the addi-
tional CO, that is produced during the manufac-
turing process (1.8 times more than crude oil
derived jet fuel) can be captured and permanent-
ly sequestered, synthetic fuel may be an accept-
able nearterm supplement. Some “drop in” fuels
may be renewable (i.e., if produced from bio-
mass).

Non Drop-In Fuels

The second category of alternate fuels is “non-
drop-in” fuels!. Among other things, these fuels
often provide less combustion energy per unit of
volume, and consequently, aircraft using these
fuels require larger fuel tanks. These fuels typical-
ly include cryogenic liquids such as liquid
methane and liquid hydrogen. Cryogenic liquids
have the added complication of being com-
pressed and at very low temperature.

Renewable Fuels

Renewable fuels can fall under either category.
Renewable fuels are typically made from biologi-
cal sources, such as plants that can be grown
year after year. The plant material — typically soy
beans, canola, or palm — is generally made up of
oils that are obtained from squeezing the plant's

seeds. These lipids, or hydrocarbon containing
organic compounds, contain long-chained carbon
and hydrogen molecules. The properties of some
renewable fuels fall outside conventional jet fuel
specifications. Through additional processing,
such as transesterification or hydrotreating, these
molecules can be structured to be somewhat
similar to diesel or jet fuels. Also, renewable fuels
can be blended with other feedstocks to meet jet
fuel specifications.

A drawback of renewable fuels is that, because of
limited excess farmland, biofuels are currently not
capable of supplying a large percentage of fuel
without displacing food production. However,
some believe that higher vyielding future feed
stocks, such as algae, may dramatically improve
supply capability and eliminate the food versus
fuel competition. The advantages of using biofu-
els would be their reduced overall life cycle (over
fossil fuels), their lower CO, impact, and the
potential to reduce engine emissions. If the per-
formance and cost issues can be overcome, bio-
fuels are envisioned to be blended with synthetic
or conventional jet fuels, which could lead to a
longerterm sustainable aviation fuel.

Comparing Alternative Fuels

Figure 1 shows relationships between the fuel,
the tank needed, and the aircraft weight. The fig-
ure shows the correlation with the heavier weight
of the fuel and the increase of the aircraft weight.
Conventional jet fuels are optimum, as are syn-
thetics. However, there are bio-diesel fuels which
are very close.
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Figure 1 — Relationship between type of alternate fuel and the aircraft weight. From

presentation by Lourdes Maurice
May 2007.

1 Non Drop in Fuel means fuel which does not meet the specification to be a drop-in fuel.
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An examination of the fuels other than the cryo-
genic liguids shows that as we move from con-
ventional fuels through synthetic fuels and bio-
diesel to alcohols, the carbon fraction in the fuel
decreases, leading to reduced carbon dioxide in
the products of combustion for unit mass of fuel
burned. The synthetic and biomass-derived fuels
have the advantage that they contain no sulphur.
Synthetic fuels also have no, or very little, aromat-
ic compounds (as a result of blending), which
greatly reduces the amount of particulate matter
emitted. However, aromatic compounds are use-
ful in engine operation as they help to preserve
engine seals, and the sulphur compounds are
good lubricants. It is therefore likely that synthet-
ic fuels would not be used alone but would have
to be mixed with conventional fuels or additives
to provide for these otherwise lacking properties.

Some recent tests have shown that synthetic
fuels (from coal or natural gas) can provide around
1.6% reduction in carbon dioxide emissions, 50 to
90% less particulate matter, 100% less sulphur
dioxide, as well as possibly a 1% reduction in fuel
consumption due to a greater gravimetric energy
density. The reduction in particulate matter is
seen as being especially helpful, since this mate-
rial is believed to be significantly implicated in
both global and local air quality issues.

Fischer-Tropsch Fuels Environmental
Implications
Less Emissions

® ~ 1.6% less CO, created during fuel com-
bustion

e 50% to 90% less particulate matter (PM)
(measured)

® 100% reduction in SOy

¢ ~ 1% less fuel burn (increased gravimet-
ric energy density)

Development work is well advanced in the case
of synthetic fuels derived from coal and natural
gas. New initiatives have recently been
announced in the area of biomass and other
renewable fuels, although there remain concerns
about the availability of feedstocks and the possi-
ble interruption of food production.

When considering the total impact of any type of
aviation fuel it is important to examine the emis-
sions arising from the production process in addi-
tion to the emissions arising from the actual burn-
ing of the fuel by aircraft. These production
processes include the mining/drilling operations,

the refining/gasification/liquidation processes and
the transporting of the products both before and
after processing. Initial studies of this area have
been undertaken and show, for example, that
synthetic fuel from coal, after burning in an air-
craft engine and in the absence of carbon seques-
tration, would have produced 80% more carbon
dioxide than similar fuels derived from crude oil.
This type of study shows a significant advantage
for biomass-derived fuels. There is clearly a need
for more studies of this type before a commit-
ment is made to any alternative fuel for aviation.

Figure 2 offers some insight into the relative CO,
emissions for various alternative fuels. Standard
Jet Fuel is considered the baseline. Clearly the
Bio Jet Fuel is worth investigating further.

Reasons for Optimism and Caution

There are reasons for optimism about the future
use of alternative fuels. The current high price of
crude oil encourages the search for alternative
aviation fuels. These fuels could have environ-
mental benefits, especially in relation to particu-
late matter and sulphur compounds emissions.
They may offer security and price stability in fuel
supply, provided that the alternative sources
themselves, e.g., coal, natural gas, biomass, etc.
are available. Work on developing alternative fuels
for aviation is already under way and aviation
could well become a leader in the field.

However, there are also reasons for caution.
Firstly we should not underestimate the technical
difficulties we might encounter even with “drop-
in” fuels and the constant need to ensure the
safety of aviation operations. It may therefore be
easier to make a transition to alternative fuels for
ground use before using them in aviation. It has
always been difficult to predict the crude oil mar-
ket and, although it may seem unlikely at the
present, a decrease in oil prices might remove
one of the major incentives for the further devel-
opment of alternative fuels. Finally the emissions
of carbon dioxide during the production process
may be a problem with some alternative fuels.

Future Developments

Before we embark on a transition plan towards
the development of alternative fuels, it is impor-
tant to establish whether we can and should
develop alternate fuels. To do this it is necessary
to establish the net environmental benefits of
these fuels, taking fully into account the environ-
mental costs of producing the fuels. It is also nec-
essary to identify the framework and policies
required to facilitate the introduction of alterna-
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Figure 2 — CO, emissions from various fuels compared with Jet Fuel . From presentation by Lourdes Maurice; ICAO

Colloquium on Aviation Emissions, 14 — 16 May 2007

tive fuels. For example, in the United States all
sectors of the aviation industry, including opera-
tors, manufacturers, and the government, have
established the Commercial Aviation Alternate
Fuels Initiative (CAAFI) to examine this subject
and chart the way forward.

Conclusions

In summary, alternative fuels are not an abstract
concept — they are already in use today. The avia-
tion industry is interested in the possible savings
and price stability offered by alternative fuels. The
fuel industry is willing to start producing these
fuels if given market guarantees (i.e., protection
from drastically falling oil prices) to do so.
Alternative fuels may provide environmental ben-
efits and could become an element of the envi-
ronmental strategy for sustainable future growth
of aviation. We may be able to use alternative
fuels to deal with some local air quality issues,
allowing us to focus engine design on noise
reduction and other environmental issues such as
greenhouse gases. Alternative fuels efforts may
offer future opportunities to ICAO's CAEP as it
seeks balanced and robust strategies to mitigate
aviation's environmental impact.

Drop-in fuels are quite feasible in the near term,
but there is a need to consider the environmental
impact of the whole chain of events, from mine or

well to the aircraft's wake. Renewable fuels are a
longer term prospect. Again, it must be stressed
that the whole chain of events must be taken into
account, not just the engine emissions. \WWe must
also understand that history has shown the diffi-
culty of predicting energy markets and we must
be cautious about pursuing alternative aviation
fuels solely as a short-term response to high
prices or an impending energy crisis. We must
note that we have been down a similar road
before in the late 1970s and early 1980s. Heavy
investment in alternative fuel options was strand-
ed by the oil glut of the mid 1980s. Ultimate suc-
cess will require a long-term vision and the will of
all stakeholders to see it through
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Alternative Jet Fuels for

Today’s Airline Fleet’

Petroleum products have always been the pre-
ferred aviation fuels because they offer the best
combination of energy content, performance,
availability, ease of handling, and price. However,
concerns about energy security, climate change,
the long-term availability of petroleum, and the
recent increase in the price of oil have prompted
the industry to search for alternatives.

Besides price, other factors must be taken into
account when considering alternative aviation
fuels. Of course, safe and reliable operation of the
engine and aircraft must not be compromised in
any way. The environmental effects of any alterna-
tive fuel must also be considered. This includes
both emissions from the engine and also life-
cycle effects associated with production and use
of an alternative fuel.

When considering the possibility of alternative
aviation fuels, the following questions arise; Are
there viable alternatives to conventional jet fuel
available today? What are some of the issues
associated with alternatives to conventional jet
fuel? This article will focus on potential “drop-in2”
fuels for today's fleet, and discuss the successful
use of an alternative jet fuel in South Africa.

Today’s Jet Fuel

The kerosene-type jet fuel used in today's aircraft
engines is a complex mixture of hundreds of dif-
ferent hydrocarbons. Hydrocarbons can be
grouped into just a few classes, each of which

has certain characteristic properties: paraffins,
cycloparaffins, olefins, and aromatics. They differ
in the geometry of the carbon backbone and the
hydrogen/carbon ratio. The paraffin group is often
subdivided into normal-paraffins (straight-chain)
and iso-paraffins (branched-chains). The olefins
are the most chemically reactive class of hydro-
carbons and are effectively excluded from jet fuel
by the demanding thermal stability requirement.
Figure 1 shows the relationship between hydro-
carbon class and some jet fuel properties.

Petroleum products are defined mainly by their
density and boiling range distribution. Jet fuel
boils over the temperature range of about 150°C
to 300°C and includes hydrocarbons between
about 8 and 16 carbon atoms as shown in Figure
2.

Petroleum-derived jet fuel will also has trace
amounts of sulfur-containing compounds. The jet
fuel specifications limit sulfur to a maximum of
3,000 ppm, although the average sulfur content
of jet fuels is thought to be between 500 and
1,000 ppm.

This is the aviation fuel in use today. The fuel
specification requirements reflect its properties.
When we consider alternative fuels for today’s
aircraft engines, we are really limited to alterna-
tive sources of fuels that are very much like
today's petroleum-derived kerosene-type jet fuel.

Hydrocarbon Class
Jet Fuel Property n-Paraffin Isoparaffin Cycloparaffin Aromatic
Energy Content
Gravimetric + + 0 -
Volumetric - - 0 +
Combustion Quality + + + -
Low Temperature Fluidity — 0/+ + 0/-

* "4+" indicates a beneficial effect, “0" a neutral or minor effect, and

won

a detrimental effect.

Figure 1 — Potential contribution* of hydrocarbon classes to selected jet fuel properties.

1 This article is based on the “Alternative Jets Fuels” publication by Chevron. It is available from the author or at
http://www.chevronglobalaviation.com/docs/5719_Aviation_Addendum._webpdf.pdf
2 "Drop-in" is a term used to describe fuels that fit today's fuel specifications and can be handled in the existing supply

chain.
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When we consider alternative fuels with proper-
ties that go beyond the bounds of the current fuel
specifications, whether they are intended for cur-
rent or future engine technology, we have to deal
with such issues as: potential certification issues,
compatibility with conventional jet fuel, and the
fuel handling infrastructure. These are significant
obstacles to the introduction of an alternative
fuel.

Potential Sources of Alternative Fuels
The following paragraphs describe the primary
fuel sources that are currently considered to be
possible alternative fuels for aviation.

Fuels from Fossil Sources

Almost all jet fuel today is manufactured from
petroleum (crude oil). A relatively small percent-
age is made from oil sands, mainly from Canada
and Venezuela. There are also other fossil fuel
sources that could potentially be used to manu-
facture jet fuel, namely: natural gas, shale oil, and
coal. If practical and economical conversion
processes can be developed, these reserves
could provide alternate sources for jet fuel that
would be essentially the same in composition as
conventional, petroleum-derived jet fuel.

Fischer-Tropsch Synthetic Fuel
FischerTropsch (FT) synthesis3 converts a mix-
ture of carbon monoxide and hydrogen, called
synthesis gas, into higher molecular weight
hydrocarbons. It can be thought of as a catalytic
polymerization of carbon monoxide accompanied
by reaction with hydrogen to make the CH, meth-
ylene units of paraffins.

CO + Hy & -(CHy,- + H,0

The process makes mainly straight chain hydro-
carbons. The product composition will vary some-
what depending on the hydrogen to carbon
monoxide ratio and the catalyst and process con-
ditions. This raw product of FT synthesis must be
further processed to make an acceptable fuel.
This processing includes cracking the long chains
into smaller units and rearranging some of the
atoms (isomerizing) to provide the desired proper-
ties. This upgrading process produces a wide boil-
ing range material encompassing naphtha (gaso-
line boiling range), kerosene, and diesel. This
material is then distilled into final products.
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Figure 2 - Typical carbon number and boiling range distribution for jet fuel.

FT synthesis produces a product that is virtually
free from the trace sulfurcontaining compounds
found in conventional jet fuel. The product is also
free from aromatic compounds, but this property
has both advantages and disadvantages. The
main advantage of the aromatic-free fuel is that it
is cleaner burning; FT fuel emits fewer particu-
lates than conventional jet fuel4, and, because it
is sulfur-free, there are no sulfur dioxide (SO,) or
sulfuric acid (H,SO,) aerosol emissions.

However there are two disadvantages to not hav-
ing aromatics in the fuel. First, FT kerosene that
meets all other jet fuel specification properties
will be below the minimum density requirement.
Second, the aromatics in conventional fuel cause
some types of elastomers (O-rings) used as seals
in aircraft fuel systems to swell. There is concern
in the industry that switching from conventional
jet fuel to aromatic-free FT synthetic fuel will
cause some of these elastomers to shrink, which
may lead to fuel leaks. The effect of aromatics on
elastomers is being actively researched in the
industry. A possible solution may be to find an
additive that would ensure elastomerswell even
in the absence of aromatics.

3 “FischerTropsch Technology” A.P Steynberg and M.E. Dry eds. Elsevier, 2004.
4 E. Corporan et. al. “Reduction of Turbine Engine Particulate Emissions using Synthetic Jet Fuel” American Chemical
Society Division of Fuel Chemistry Preprints 2005, 50(1), p. 338. This work was done by the US Air Force on a military
engine. Similar testing has not been done using a modern commercial engine.
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These two disadvantages disappear when FT
synfuel is blended with conventional jet fuel,
although the advantage of lower emissions is
reduced. The conventional jet provides the aro-
matics that cause elastomer swell and also
increase the fuel density to meet the minimum
requirement. The industry is using 8 percent aro-
matics content as a guiding minimum. This mini-
mum is based mainly on experience and could be
revised, up or down, in the future.

Since the FT synthesis starts with carbon monox-
ide, any source of carbon can potentially be used.
The first plants used coal as the starting material,
this conversion is called coal-to-liquids or CTL.
The current generation of plants will use natural
gas as the starting material (GTL). Biomass can
also be used as the starting material going
through a gasification step to produce carbon
monoxide (BTL). In going through the gasification
step, the connection to the starting material is
lost, so FT liquids produced from any starting
material will be essentially the same.

The FT industry appears to be on the verge of a
period of expansion. Several major companies
have announced plans to build large production
plants. If completed, these projects could yield
about 1 million barrels per day of total product by
2020, some of which could potentially be used as
aviation fuel. These projections tend to be opti-
mistic, so the industry may grow more slowly.

Jet fuel made from coal by the Fischer
Tropsch (FT) synthesis is currently being
supplied to the Johannesburg South Africa
airport. A blend of up to 50% FT synthetic
fuel with conventional fuel was approved by
specification authorities after an extensive
review. This synthetic jet fuel was approved
in 1999 by the UK Ministry of Defence in
Defence Standard 91-91, the international
Jet A-1 specification, and is being used by
every commercial airplane that passes
through that airport, although the fuel typi-
cally contains much less than 50% synthet-
ic.

Blends of synthetic FT fuel with conventional jet
fuel are probably the easiest technical solution to
the alternative aviation fuels quest. A streamlined
approval process is being developed to facilitate
their use. The US Department of Defense is
aggressively pursuing this type of fuel.

Bio-Derived Jet Fuels

Biomass® is being increasingly considered as an
alternative source of transportation fuels.
Ethanol and biodiesel have been used in recent
years as blend components for gasoline and
diesel fuel respectively, and this use is likely to
continue to expand as a result of government
mandates in many countries and a desire to diver-
sify energy sources.

One thing that all biomass has in common is that
it has a significant amount of oxygen incorporated
into its molecular structure. This is a disadvantage
when considering biomass as a source of fuel.
The primary function of fuel is to provide a source
of energy to propel the aircraft. The turbine
engine converts the chemical energy stored in
fuel into mechanical energy, providing the thrust
that powers flight. The chemical energy in fuel is
released by combustion, a rapid reaction with
oxygen at high temperature. For hydrocarbon
fuels, combustion is described by the following
equation. The energy released during this reac-
tion is called the heat of combustion.

CyHy + (x +y/4) Oy m x CO, + y/2 HyO + heat

Bio-derived fuels containing oxygen have lower
energy content than hydrocarbons because the
oxygen in the fuel molecule doesn’t contribute
any energy during combustion. Energy is
released by breaking carbon-carbon and carbon-
hydrogen bonds in hydrocarbons and converting
them to carbon-oxygen and hydrogen-oxygen
bonds; starting with carbon-oxygen bonds in the
molecule doesn't gain anything. It's like carrying a
little air in with the fuel; instead of all the oxygen
needed for combustion coming from air, some of
the oxygen is already in the fuel molecule.
Oxygen in the fuel molecule is just dead weight
in the fuel tank. As a result, these fuels have
lower energy content than hydrocarbon fuels,
which can lead to reduced flight range.

5 The term biomass means any plant-derived organic matter. Biomass available for energy includes herbaceous and
woody crops, agricultural crops, aquatic plants, and other wastes materials including come municipal wastes. Definition
from National Renewable Energy laboratory, US Department of Energy.
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Biodiesel Fuels

Biodiesel has been in the news in recent years as
a possible alternative to conventional, petroleum
derived diesel, and is being considered as an avi-
ation fuel as well. In general usage, the term
biodiesel covers a variety of materials made from
vegetable oils or animal fats. Various crops are
used in different parts of the world to make
biodiesel. In the US, soybean oil is the largest
source for biodiesel. In Europe, rapeseed oil is
commonly used while in Asia, palm and coconut
oil are used. Research is being conducted into
using algae as a source of biodiesel. This is a
promising option since algae can give much high-
er yields of feedstock oil per unit area cultivated
and avoid the food vs. fuel tradeoffs associated
with agricultural products.

Vegetable oils or animal fats themselves are not
generally used as fuels. However, the oils and
fats can be combined with methanol in a process
known as transesterification to produce a materi-
al with better properties. The oils and fats are
triglycerides of fatty acids. The process known as
the transesterification reaction converts triglyc-
erides into the fatty acid methyl esters (FAMEs).

These esters have chemical and physical proper-
ties that are similar to conventional diesel fuel,
but not jet fuel. Biodiesel properties depend on
the starting material. Triglycerides from different
sources have different numbers of carbon atoms
and varying degrees of unsaturation (number of
carbon — carbon double bonds). These differences
are reflected in the properties of the derived
FAMEs. Some typical properties for biodiesel are
compared to conventional jet fuel below.

The primary concern about using biodiesel is its
low temperature properties. Biodiesels have
freezing points near 0°C, much higher than the
maximum freezing point of jet fuel, -40°C for Jet
A and -479C for Jet A-1. This has definite safety
implications since fuel is exposed to very low
temperatures at cruise altitude, and it must
remain fluid in order to be pumped to the engine.
Even blends of biodiesel with jet fuel have much
higher freezing points than jet fuel. Additives
could potentially improve low temperature oper-
ability of biodiesel blends, but only by a few
degrees C. Any new additive would have to go
through an extensive approval process.

Another important jet fuel property is thermal sta-
bility. The thermal stability of FAMEs and blends
of FAMEs with conventional jet fuel has not been
reported, but is an area of concern. The higher
carbon number and viscosity of FAMEs compared
to jet fuel could affect atomization and vaporiza-
tion in the combustion chamber. All of these
issues would have to be studied thoroughly and
all issues resolved before FAMEs could be used
in aviation.

Triglycerides and the resulting FAMEs are the
most fuel-like biological products. But even the
FAMEs are not a good match for jet fuel proper-
ties. Another approach being used is to
hydroprocess these materials using conventional
refinery technology. This processing removes the
oxygen from the molecule and saturates any dou-
ble bonds. The resulting hydrocarbons, typically
paraffins with 15 and 17 carbons, fall into the high
end of the jet fuel range. A jet fuel can probably
accommodate only small amounts of these com-
pounds without exceeding the maximum freezing
point.

Fuel Property Biodiesel (typical) Conventional Jet Fuel
Viscosity 400C, Cst 4.7 1.2

Net Heat of Combustion, MJ/kg 36 — 39 43.2

Density, 150C 0.87 - 0.89 0.80

Freezing Point, oC ~0 < -40

Approximate Carbon Number Range 16 — 22 8-16

Source: National Soy Diesel Development Board and National Biodiesel Board

Figure 3 — Properties of biodiesel and conventional jet fuel.
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Another option is gasification, especially of waste
biomass, followed by FT synthesis. It may also be
possible to develop new processing technologies
to achieve the molecular transformations required
to convert biomass into kerosene. Significant
molecular changes are required to transform
triglycerides or any other biomass into “jet fuel
molecules”

Environmental Considerations
Although today’s interest in alternative fuels
seems to be driven mainly by price and supply
concerns, any environmental effects of an alter-
native fuel must also be considered. The industry
and the general public will only accept improve-
ments when it comes to environmental quality
and stewardship.

Emissions testing has been conducted on FT syn-
thetic fuel in combustor rigs. FT fuels emit much
lower concentrations of particulates and because
they are sulfur-free, they emit no sulfur oxides
(SO,) or sulfuric acid (H,SO,4) aerosols. When
blended with conventional fuels, the emissions
benefit is roughly proportional to the synthetic
fuel content.

There are no data available on emissions from
biodiesel fueled turbine engines, but these are
potentially a concern. FAMEs are more viscous
than conventional jet fuel and have higher molec-
ular weight. These properties could affect atom-
ization and vaporization in the combustor and
result in incomplete combustion and particulate
emissions, especially at low engine power set-
tings.

Emissions from the engine are not the only envi-
ronmental concern. The whole life-cycle of fuel
exploration, development and production must be
studied. When considering bio fuels, issues such
as land use, fertilizer and pesticide use, water for
irrigation, waste products etc must be addressed.
This type of analysis is called “cradle to grave” or
“life cycle assessment” and has been conducted
for several fuels.6 7

Similarly, with use of coal or shale there are
issues with mining, both deep-hole and strip min-
ing, water use, run-off from mine sites, and
waste material.

Also, any processing of raw material into finished
fuel is energy intensive, resulting in emissions of
carbon dioxide, a significant greenhouse gas. In
contrast, growth of biomass removes carbon
dioxide from the atmosphere so use of biomass-
derived fuel in place of fossil-derived fuel can
potentially result in a net decrease in carbon diox-
ide emissions.

Conclusions

There are no easy answers in the search for alter-
natives to conventional jet fuel. This is partly
because safety and reliability cannot be compro-
mised. Also, there are unique requirements for
operation of the conventional turbine engine in
commercial service that make a rigorous approval
process necessary for any alternative fuel.

As mentioned above, bio-derived fuels for today’s
fleet face significant challenges because of the
molecular transformations required to convert
biomass into kerosene-type hydrocarbons. It will
be easier to develop bio-derived fuels that can be
used in blends with conventional jet fuel than to
develop a stand-alone bio-jet fuel. From an envi-
ronmental perspective, bio-derived fuel could
help to reduce aviation’s carbon footprint.

While there continues to be significant invest-
ment in the research and development of alterna-
tive jet fuels, the only alternative to conventional
jet fuel on the nearterm horizon is synthetic FT
jet fuel used in a blend with conventional jet fuel.

6 "Gas to Liquids Life Cycle Assessment Synthesis Report” Five Winds International, 2004.
http://www.sasolchevron.com/pdf/publication/GTL_LCA_Synthesis_Report.pdf#search=%22life %20cycle % 20assess-

ment%20fuel %22.

7 Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET) Argonne National Laboratory.

http://www.transportation.anl.gov/software/GREET/index.html
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Alternative Fuels for Commercial

Transport Aircraft

Alternative fuels, such as kerosene-type hydro-
carbon jet fuels, have the potential to provide
enhanced environmental performance over con-
ventional jet fuels. This is possible due to the
lower sulfur and aromatic content of alternate
fuels. Depending on the hydrocarbon source for
the alternate fuel, and the manner in which it is
processed, life-cycle carbon dioxide emissions
could dramatically increase or decrease. Other
fuel performance characteristics, life cycle issues,
and costs must be addressed before suitable can-
didates can be chosen. This article primarily
addresses environmental issues associated with
alternate fuels.

Background

Synthetic FischerTropsch (FT) jet fuel or synthet-
ic kerosene can be made from coal, natural gas,
or other carbon-containing resources and can be
produced by first turning the resource into gases,
which are then processed to form desired hydro-
carbon liquids. Synthetic kerosene can be tailored
to have similar properties to petroleum jet fuel
and can thus be thought of as a “drop-in" replace-
ment fuel. Synthetic jet fuel derived from coal is
currently used at one airport as a supplement to
current petroleum supplied jet fuel. In the future,
coal-based kerosene will be approved as a total
replacement for petroleum jet fuel. Synthetic FT
jet fuels are actively being tested and certified in
actual aircraft used by the U.S. military (see arti-
cle U.S. Air Force Department of Defense
"Assured Fuels” Program).

Licuid Ethanol JetA
hydrogen

Volume

Kerosene fuels are best per unit volume

Biofuels are combustible liquids that are manu-
factured from renewable resources such as plant
crops or animal fats. Crops with high oil content
such as soybeans, canola (rapeseed), sunflowers,
and palm nuts are typically used as starting mate-
rials. Biofuels start with oil squeezed out of these
crops/feedstocks and is then converted into biojet
fuel through one of many different processing
methods currently being developed by the fuel
industry. Biojet fuel samples are being gathered
by Boeing from suppliers and tested in collabora-
tion with manufacturers, industry groups, and
governments. Future high-yielding biofuel feed-
stocks, such as algae, are being investigated for
their feasibility, sustainability, and cost.

Required Performance

The ideal fuel for commercial aviation is one that
does not: become solid at very cold tempera-
tures, break down under high temperature engine
conditions, or evaporate easily As shown in
Figure 1, other fundamental requirements for
commercial jet fuel are that it: 1) has a low weight
per unit heat of combustion to allow the transport
of revenue-producing payload, and 2) occupies a
small volume per unit heat of combustion to allow
fuel storage without compromising aircraft size,
weight or performance. Jet fuel and similar alter-
natives have the best performance in terms of
requiring the least volume. Hydrogen is the best
in terms of weight; however, hydrogen, along
with methane, alcohols, and liquefied petroleum
gases - all require new aircraft with new fuel
delivery systems.

Liquid Jet A Ethanol
hydrogen

Weight

Liquid hydrogen is best per unit weight

Figure 1 - Alternative fuel comparison for commercial transport aircraft.
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Emissions Reduction Potential
Elimination of fuel-borne sulfur in alternate fuels
would cut sulfur dioxide (SO,) and other sulfur-
based emissions.

There is the possibility that elimination and along
with reductions in fuel aromatics, could possibly
also offer reductions in soot emissions.
Elimination of aromatics would significantly

12 13 14 15
Fuel Hydrogen, %

Figure 2 - lllustrates the impact of reduced aromatics and naphthalene, by
way of hydrogen content, versus the smoke number for a modern CFM56 air-
craft gas turbine engine.
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Figure 3 - Particulate emissions from helicopter engine compared to percent-
age of FT fuel blend (Chart compliments of Bill Harrison, AFRL, 2006.)

reduce Polycyclic Aromatic Hydrocarbon (PAH)
emissions, which have been observed in diesel
engines. These species contribute to the degrada-
tion of air quality. Reductions in fuel aromatics
and naphthalene could also possibly reduce soot
emissions. As aromatics and naphthalene
decrease, fuel hydrogen content increases.

When biodiesel, which can have similar make-up
to biojet fuel, is used in ground vehicles, a reduc-
tion in particulate, carbon monoxide (CO) and
hydro carbon (HC) emissions has been observed.
Nitrogen oxide (NO,) emissions can increase in
certain instances. Boeing plans to work with
other stakeholders to quantify the emissions
impact of biojet fuels when used in modern air-
craft engines.

CO, Impact

The driving force for using biofuels in aviation is
environmental. Finding an alternative drop-in fuel
that can reduce the carbon footprint of aviation
operations is very desirable.

Due to the carbon uptake during the growth cycle
of biomass feedstock, biojet fuels are expected to
be approximately carbon neutral over their life
cycle, offsetting about the same amount of car-
bon as is produced when the fuel is burned in a
jet engine. Depending on the feedstock, growing
and harvesting practices, as well as fuel process-
ing methodologies, the biojet fuel is anticipated
to provide approximately a 60-80% reduction in
the life cycle carbon dioxide (CO,) emissions.

Figure 4 illustrates the life cycle CO, impact for
the production through end use of various alter-
native fuels as compared to current jet fuel pro-
duced from crude oil. Synthetic FT fuel derived
from coal is anticipated to result in an 80%
increase in CO, emissions, while a similar
process that captures and sequesters CO, will
result in substantially less CO, emissions; about
equal to the CO, emissions from jet fuel made
from crude oil.

Life Cycle Issues

The environmental impact of alternate fuels must
be evaluated over the entire life cycle of the fuel
— a sort of “well to wake"evaluation.

For synthetic FT fuels, it was previously seen that
CO, emissions generated during the manufactur-
ing process can almost double the life cycle of
CO, emissions. For FT fuels that are derived
from coal, both the mining of the coal and the dis-
posal of the coal cinders from the manufacturing
process, can result in major environmental chal-
lenges. Large scale, permanent, environmentally
benign CO, sequestration techniques for FT fuel
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Figure 4 — Relative CO, emissions as compared to jet fuel - source through end use.

production are, as yet, a relatively unproven tech-
nology that in many instances could substantially
boost the cost of the fuel.

For biofuels, a major area of concern is with the
biomass feedstock. Presently, changes in land
use (e.g. deforestation) are significant CO, con-
tributors to global warming. Increasing the

Slash and burn deforestation

demand for traditional biomass, to produce biofu-
el, would likely result in the acceleration of defor-
estation (Figure 5.). These traditional feedstocks
could also raise the “food vs. fuel” issue. Lastly,
the growing of some crops, such as soybeans
and canola, can produce nitrogen dioxide (N,O)
emissions, which is a shorter lived, but much
more potent greenhouse gas than CO,.

Global CO , emissions that cause
global warming

Cther

Deforestation
25%

Source: www.MNature.org , 2007

Figure 5 - Growing biofuels must not encourage deforestation or it will have a negative impact on global warming.
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Solutions might be to develop alternate feed-
stocks, such as switchgrass and algae, both of
which can be grown in areas generally not suit-
able for food crops. In the case of algae, it might
one day be commercially grown with waste water
effluent, thereby cleaning the water while lessen-
ing methane and CO, emissions from sewage
plants. Through the use of specially developed
enzymes, synthetic biology processing methods
may one day commercially convert cellulose
biowaste products, as well as switchgrass, into
biojet fuel.

Sustainability

Specific regions of the world may hold specific
solutions for providing the biomass feedstock for
biojet fuel. For example we can look at Brazil
where one sustainable solution might be to har-
vest nuts obtained from native Brazilian palm
trees called “Babassu.” The oil from these nuts
might provide a sustainable source of oil for bio-
jet fuel in Brazil. The production of palm nut oil in
Brazil may be one way to encourage reforestation
of devastated lands.

Future biofuels may involve other bio resources.
One such promising feedstock is algae, which has
been evaluated by the U.S. Department of
Energy’s National Renewable Energy Laboratory.
Algae feedstocks are projected to theoretically
produce up to 20,000 gallons/acre/year of bio-
derived oil. With such a high production rate,
algae could produce 150-300 times more oil than
a crop of soybeans, as shown in Figure 6.

For example, with the potential for algae to pro-
vide 10,000 gal/acre/year, some 85 billion gallons
of biojet fuel can be produced on a landmass
equivalent to the size of the U.S. state of
Maryland; enough to have met 100% of the fuel
requirements for the global commercial aviation
fleet in 2004.

Unlikely Alternative Aviation Fuels

In addition to the FT fuels and biofuels mentioned
above, there are some other well known “fuel
alternatives” that are often mentioned as possibil-
ities as aviation fuel alternatives but which, after
close examination, are less than ideal candidates
for various reasons. All of these fuels are still
under serious consideration as general alternative
fuels but they do not meet the unique require-
ments for aviation fuels, as discussed below:

Hydrogen

This is publicized as the most environmentally
benign alternative to petroleum, has its own
drawbacks as an aircraft fuel. Hydrogen burns
cleanly, but produces significantly more water
vapour, so its effect on cloud formation and the
atmosphere is uncertain. Hydrogen production
needs an abundantly available source of energy,
such as electrical power, produced from nuclear
fusion or solar and a large source of clean water.
Although the combustion of hydrogen emits no
carbon dioxide emissions and is lightweight, its
production, handling, infrastructure, and storage
offer significant challenges. The volumetric heat
of combustion for liquid hydrogen is so poor that
it would force airplane design compromises and
is only practical for longer range flights.
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Figure 6 - Qil yield per hectare from selected bio sources.
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Methane

Methane is the primary component of natural
gas. Natural gas will needs to be stripped of its
non-methane content to be suitable for aircraft.
Both hydrogen and methane must be used in
their liquid form, which are at extreme cold, cryo-
genic temperatures. Both liquid hydrogen and
methane will require all new aircraft. In addition,
the use of liquid hydrogen and methane will
require entirely new and more complex ground
transportation, storage, distribution and vent cap-
ture systems.

Liquefied petroleum gas

This gas is not a cryogen but has many of the
same storage and transfer problems associated
with a cryogen. In-depth studies of these fuels
have not been conducted because the natural
supply is not sufficient to support a worldwide
aviation fleet and these fuels offer no availability,
cost or environmental advantage as replace-
ments for conventional jet fuel.

Alcohol

Fuels such as methanol, ethanol, and butanol
have very poor mass and volumetric heats of
combustion and are not satisfactory for use as a
commiercial aircraft fuel. Their low energy content
results from the oxygen that is present in their
molecular structure. Even though they are not
useful for commercial aviation, their widespread
production and use could influence the supply
and cost of conventional jet fuel by freeing up
additional petroleum resources for aircraft. Their
production might have merit in that context.

Industry Research and Development
Developing alternative fuels for aviation is an
industry-wide effort involving all sectors of the
aviation industry: airlines  (through the
International Air Transport Association), aerospace
manufacturers  (through the International
Aerospace Industries Association), safety, envi-
ronmental, and regulations (the U.S.-Federal
Aviation Administration), airport operators
(Airports Council International-North America) and
fuel suppliers; all working together. They have
formed an organization called the Commercial
Aviation Alternative Fuels Initiative (CAAFI) with
the FAA as the lead organization.

Boeing is also working directly with biofuel suppli-
ers, biojet producers, engine companies and air-
lines to conduct flight demonstrations using bio-
jet fuels that are designed to create an “industry
vision” and accelerate research and develop-
ment.

Summary

Boeing is working internally, and with the industry
group CAAFI, to investigate the use of synthetic
FisherTropsch (FT) and biojet fuels for use in
commercial and military aviation applications.

FT fuels are able to satisfactorily match jet fuel’s
performance characteristics while a few biojet
fuels presently appear to also be capable of meet-
ing aviation industry performance requirements.

Elimination of fuel-borne sulfur in alternate fuels
would offer reductions in sulfur oxide (SO,) emis-
sions and, along with reductions in fuel aromat-
ics, could also possibly offer reductions in other
emissions such as soot and other hazardous air
pollutants. In the case of jet fuels derived from
biological sources, there is also the opportunity to
achieve substantially (i.e. 60-80%) lower life-cycle
CO, emissions.

However, choosing the wrong alternative fuel
could lead to an acceleration of deforestation and
the production of more GHG emissions, thereby
accelerating climate change. FischerTropsch
fuels may provide slightly lower CO, emissions in
the engine exhaust. On the other hand, without
the capture and sequestration of the CO, during
the manufacturing process, the use of FT fuels
would result in approximately a doubling of life
cycle CO, emissions.

Environmental Recommendations

e Life cycle analysis should be performed on all
alternate fuels.

e CO, capture and sequestration should be
implemented with new FischerTropsch fuel
plants.

e Promising biojet fuels should be developed
that would use sustainable feedstocks and
also have low life-cycle CO,, and environmen-
tal footprints.

Aviation Industry Commitment

The aviation industry is committed to reducing its
environmental footprint and to working together
with the energy producers and users and all
stakeholders to supply a synergistic set of energy
and environmental solutions. The Industry’s vision
is to eventually have jet fuels that are: affordable,
derived from non-crude oil sources, and have min-
imal environmental impact.
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U.S. Air Force/Department of Defense
“Assured Fuels” Program

The ongoing Air Force program in alternative (non-
petroleum) fuels has two goals: 1) certification of
all vehicles to use a 50/50 blend of conventional
jet fuel and FischerTropsch (FT) iso-paraffinic
kerosene (from coal, biomass, or natural gas) by
2011, and 2) 50% of fuel purchased by 2016 will
be an alternative, non-petroleum fuel or fuel
blend produced in facilities that effectively man-
age (control) CO2 emissions.

The U.S. Air Force's current jet fuel usage is
roughly 3 billion gallons per year, and is deliber-
ately declining as a result of conservation efforts
due to increasing fuel prices. The Air Force, and
the Department of Defense in general, use
essentially no gasoline and a relatively small
amount of diesel fuel - the primary military fuel in
the U.S. is jet fuel. Military jet fuel use is about
10% of U.S. jet fuel usage, with the Air Force con-
suming fuel at a rate similar to the largest U.S. air-
lines.

The Air Force is committed to completing its test-
ing and certification of aircraft fleet for alternative
fuels by 2011. Working with industry, we can
accomplish this goal. Once accomplished, we
look forward to buying domestically produced
synfuel at competitive market prices from manu-
facturing facilities that engage in effective carbon
dioxide capture and reuse.

Background

The Air Force's current alternative fuel program
began in earnest in 2006 with a B-52 flight
demonstration program, which culminated in
December 2006 with thorough flight tests of a B-
52 completely fueled by a 50/50 blend of JP-8 jet
fuel and FischerTropsch iso-paraffinic kerosene
(IPK). The IPK was produced by Syntroleum Inc. in
Tulsa OK from natural gas. While this blend is sim-
ilar to the blend approved for use in South Africa
(only) via the international specification, the flight
demonstration was only a part of extensive ongo-
ing testing and certification program aimed at cer-
tifying blends of any FT fuel with any petroleum
jet fuel. This program is being closely coordinated
with the commercial effort under CAAFI - the
Commercial Alternative Aviation Fuel Initiative -
sponsored by the FAA beginning in 2006. (See
related articles in this Part of the report on
Alternative Fuels for Commercial Transport).

There are two major differences between the cur-
rent certification process and the certification of
Sasol semi-synthetic jet fuel (SSJF) that occurred
in 1999. First, the desire is to have approval for a
generic FischerTropsch blending component that
is independent of feedstocks (coal, natural gas,
biomass, petroleum coke, etc.) and independent
of manufacturers. Second, the approval would be
refinery/crude-source independent. The approval
for Sasol SSJF [1], and the current effort to quali-
fy Sasol Fully Synthetic Jet Fuel (FSJF) [2,3] apply
only to synthetic fuels from the Sasol Secunda
plant, mixed with petroleum Jet A-1 in South
Africa. Note that the Sasol FSJF contains syn-
thetic aromatics and is not 100% IPK.

Alternative Fuel Certification

The developing Air Force and commercial (ASTM)
certification processes appear to be very similar
and are consistent with the process used to qual-
ify Sasol SSJE Typically, the initial steps are
measurements of the fuel specification proper-
ties (density, heat of combustion, boiling range,
etc.). Next, fit-forpurpose properties are meas-
ured, as indicated by the specification test data.
Fit-forpurpose properties are those properties
that are important for jet fuel, but not specifically
controlled in the specification (because the petro-
leum source typically produced fuels that had
effective values of these properties). Examples
include dielectric constant (for fuel gauging),
materials compatibility, and lubricity. Depending
on the results of these tests, component and
engine tests may or may not be required.

FischerTropsch kerosene fuels typically consist
only of normal (straight chain) and iso-paraffins.
The low freeze point of jet fuels (-40 C for Jet A
and -47 C for Jet A-1 and JP-8) requires a relative-
ly large portion of iso-paraffins. There are three
major concerns with (pure) FischerTropsch jet
fuels: 1) lack of aromatics affects fuel system
elastomer seal swell, 2) lack of heteroatomic
species produces a low-lubricity fuel, and 3) the
density of the iso-paraffinic kerosenes is typically
below the 775 kg/m3 limit in current jet fuel spec-
ifications. At this point (mid 2007), these con-
cerns appear to be effectively mitigated by the
limitation of the synthetic fuel content to 50%.
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For the Air Force, the mandatory use of a corro-
sion inhibitor/lubricity improver additive mitigates
any concern about lubricity. There is an issue with
the proper lower limit on aromatic content.
Current specifications have a 25 vol% upper limit
on aromatics, but no lower limit. DEFSTAN 91-91
adds an 8% lower limit on aromatics for the Sasol
SSJF blend. This 8% limit would prevent a signif-
icant fraction of U.S. jet fuels from being suitable
for being mixed with 50% FT IPK - and indeed
many million gallons of petroleum jet fuel in the
U.S. are burned yearly with less than 8% aromat-
ics, with apparently no ill effects. So, this lower
limit is still under investigation, primarily through
extensive testing of nitrile elastomers with fuels
of varying aromatic and FT levels. The U. S. Army
has also been actively studying elastomer com-
patibility [5]. Other fit-forpurpose properties are
undergoing current testing or have completed
testing with no adverse results. For example,
extensive material compatibility tests (28-day
soak) on 61 aircraft materials and dielectric con-
stant/fuel gauging tests have indicated no issues
for FT blends.

The main issue currently under study is the struc-
ture of the FT IPK specification - how tightly must
it be written to ensure that IPK blend behavior in
aircraft is consistent amongst manufacturers and
feedstocks? Two IPK jet fuels have received

extensive analysis and testing - the Sasol coal-
derived IPK delivered in blends to aircraft at
Johannesburg International Airport and the
Syntroleum natural-gas derived IPK used in the
blends in the B-52 flight demo (for which 100,000
gallons were purchased). A third IPK jet fuel is
being purchased from Shell Inc. for testing in
August 2007 (300,000 gallons).

Emissions Testing Issues

Extensive emissions testing has shown that the
main influence on gas turbine engine emissions
from the FT IPK fuels comes from the dramatic
reductions in particulates due to the high H/C
ratio of the FT fuel (~2.15 vs ~1.95 for petroleum-
derived jet fuels). Particulates (soot) are typically
reduced about 80% with pure IPK, with the
reduction being linear with FT IPK addition [4].
Sulfur emissions are also decreased linearly with
F-T addition, since the FT IPK is essentially sulfur
free. NO,, unburned hydrocarbons, and CO are
typically unchanged. The higher H/C ratio of the
F-T fuels produces a small decrease in CO, emis-
sions index (and a corresponding small increase
in H,O emissions index.)

The effect of FischerTropsch fuel production on
overall CO, emissions is a key issue. Tracking of
CO, emissions from jet fuel production through
to fuel combustion (i.e. a “well-to-wake"” analysis)

GHG EMISSIONS FOR ALTERNATIVE FTL
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Figure 1 - Carbon emission rates (production + use) for various fuel options.
Figure from Robert Williams, Princeton [http://www.colorado.edu/law/eesi/EESI_Lecture_19_January_06.pdf].
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typically shows that net CO, production per unit
of energy release for coal-derived FT fuels are
roughly twice that of baseline petroleum jet fuels
(i.e. jet fuel made from a “Saudi-Arabian light”
crude). It should be noted that oil produced from
tar sands and heavy crudes (such as those from
Venezuela) has a significantly larger CO, “foot-
print” than the baseline.

As stated in the quote at the beginning of this
article, it is realized that deployment of Fischer
Tropsch technology on a large scale will require
CO, mitigation strategies. The U.S Department of
Energy is funding a significant amount of work on
carbon capture and sequestration (CCS). One key
observation is that, unlike coal-fired power plants,
coal-fed Fischer-Tropsch plants produce a concen-
trated stream of CO,, which has value as an aid in
oil recovery and other applications. The use of bio-
mass as a feedstock and CCS technologies can
potentially produce a fuel with a lower CO, foot-
print than current fuels, as can be seen from
Robert Williams' analysis in Figure 1.

Conclusions

The following points sum up where we are cur-
rently with respect to the investigation of alterna-
tive fuels as a means to reduce aviation emis-
sions:

e |t is recognized that fuels derived from bio-
mass can have a significantly lower CO, foot-
print than fuels produced from coal.
Combustion of biomass can be thought of as
CO, recycling, rather than CO, production.
Alternatively, biomass and coal can be gasified
together to reduce the carbon emissions from
an FT process.

e There are a number of ongoing studies (some
with Air.Force co-funding) looking at the overall
CO, impact of various fuel production
approaches.

e There are a number of recently-initiated efforts
to produce jet fuels from a variety of bio feed-
stocks. Notably, DARPA has initiated contracts
with three companies to produce “biojet”
fuels from seed oils, with delivery of 100 L
each scheduled in 2008.

e Syntroleum Inc. has announced a joint venture
with Tyson to produce fuels from animal fats,
and has a contract with the Air Force to deliver
500 gallons of jet fuel in late 2007 The non-FT
biofuels may be able to be used directly, rather
than as blends.

e Air Force research continues to determine the
feasibility of using pure FT IPKs as jet fuels,
although the nearterm focus remains a blend.
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